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Tässä diplomityössä verrattiin seostettujen ja seostamattomien piidioksidipohjaisten 
ECM muistisolujen    resistiivistä käyttäytymistä.    Lähes 270 ohutkalvonäytettä (5nm -
50nm) valmistettiin CT1000-sputterointilaitteistolla RWTH Aachenin yliopistossa Sak-
sassa. Substraattina ohutkalvojen kasvatuksessa käytettiin platinaa, titaaninitridiä ja safii-
ria. Kasvatusmateriaaleina käytettiin eri tavoin doupattuja kohtioita.   Douppauksen ta-
voitteena oli parantaa ECM muistisolujen kytkentäkäyttäytymistä. 
ECM muistisoluille tehtiin sekä sähköinen että fysikaalinen karakterisointi. Ohutkalvojen 
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tai Frenkel-Poole emission osoittamiseksi. Tulosten sovituksen perustella kumpikaan 
sähköjohtavuusmekanismi ei ole dominoivia.   
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ABSTRACT 
IRINA SAFONOVA: Characterization of the doped silicon dioxide and its impli-
cations on the resistive switching phenomena in the electrochemical metallization 
cells 
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In this Master's thesis, the switching behavior of the doped and undoped SiO2-based 
memory cells was compared. The aim of doping was to enhance the switching behavior 
of the ECM memory cells.   About 270 samples were sputtered using the CT1000 cluster 
deposition tool in the IWE2 of RWTH Aachen University.  For the deposition of the thin 
films, the platinum, titanium nitride and Al2O3 substrates were used.  The deposition was 
performed by using three differently doped targets. 
The physical characterization of the thin films was done using SEM, XRR, XRD, and 
EDX. Electroforming and electric characterization of the fabricated memory cells were 
made in the probe station with the light microscope and the Keithley electrometer.  The 
results of the physical and electrical characterization were analyzed using the principle of 
Exploratory Data Analysis (EDA).  The analysis of the result shows that two undoped 
samples on the platinum substrate and some doped samples exhibit the unexpected vola-
tile threshold switching of metallic and semiconductive origin, respectively. Linear fitting 
of the measurement data in a logarithmic scale suggests that Schottky- and Frenkel- Poole 
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 The theme of this Master’s thesis is ‘Characterization of the doped silicon dioxide and 
its implication on the resistive switching phenomena in the electrochemical metallization 
cells.' The ECM or the electrochemical metallization cell is one of the emerging resistive 
random-access memories (RRAM), which can perhaps replace the Flash technology 
someday. The ECM has different names, such as a conductive bridging RAM (CBRAM)  
(Axon Technologies Corp. ), a programmable metallization cell memory (Kozicki et al. 
2005), a ’gapless-type atomic switch’ (Tsuruoka et al. 2012), and an electrolytic re-
sistance memory (Aratani et al. 2007).    
The experimental part of this work was performed in the laboratories of RWTH Aachen, 
while the interpretation of the obtained results was made and the theoretical part of the 
thesis was written after returning to Finland.  In this thesis, the switching behavior of the 
doped and the pure SiO2 –based memory cells was studied. Originally, the aim of the 
doping of SiO2 was to improve the switching behavior. However, the experimental results 
reveal that both doped and pure SiO2 samples exhibit the unexpected switching behavior.    
Approximately, the 270 thin film samples with thickness between 5nm and 50nm were 
sputtered using the TD0, TD1 and TD2 targets on the platinum, TiN, and Al2O3 sub-
strates.   The TD0-target contains the extremely pure SiO2, whereas the TD1-target con-
tains one doping element and TD2-target contains two dopants.   
Next, I focused on the concepts of the memory in general, the emerging RRAM 
memories, the ECM memory cells and the memristors. The definition of all these basic 
concepts would be necessary, if one would like to interpret the switching behavior of the 
ECM memory cell. 
The additional concepts were introduced in Appendixes 1-9. Appendix 1introduces the 
concept of the memristor in more details. In Appendix 2, the alternative explanation of 
the moisture effect on the resistive switching in the SiO2-based RAM is done using the 
Pourbaix diagram. In Appendix 3, the review of the doping of other oxides is introduced. 
Appendix 4 introduces the research methodology, the results of the materials characteri-
zation and the fabrication. Appendix 5 introduces the comparison of the related statistics. 
Appendixes 6-9 introduce the additional figures with explanations related to electroform-
ing (Appendix 6), current-voltage characteristics (Appendix 7), resistance (Appendix 8), 




More than Moore and Internet of Everything. The fast development of the transistor-
based memories allowed the creation of portable computers, cellular phones, and digital 
cameras. This development already goes beyond Moore’s law toward the era of “More 
than Moore (MtM)”, beginning with the “Internet of Things” toward “Internet of Every-
thing (IoE) “(ITRS 2015).   
The MtM means the integrating of complex systems in one chip or package,  advanced 
ICs for the flat panel displays (FPD), the micro electro mechanical systems MEMS, 
sensors,  and radio components. Moreover, the Internet of Things allows the direct inte-
gration of computer-based systems and a physical world, whereas IoE is nothing else than 
a distributed computer access, to the remote memories or Data Centers, to a variety of 
sensors and actuators via Internet (ITRS 2015).  
With the fast development, every new generation of ICs has more and more transistors. 
The transistors are working at higher and higher frequencies. This leads to more power 
being emitted. This excess power needs to be dissipated. The fundamental limit of the 
power dissipation in ICs is approaching the maximum fundamental limit (ITRS 2015). 
Therefore, alternative technology solutions are being sought.  
The memory cell in general.  The memory device consists of small building blocks 
known as memory cells. The memory cell has at least two stable states representing 1 and 
0 in the digital logic. The traditional memory cell needs three operating terminals. First, 
the selector device which chooses a memory cell to read or write on. Second, the control 
terminal that specifies the read or write function. Third, the terminal which supplies an 
electrical signal for writing by setting the cell to 1 or 0. The output signal of the third 
terminal is used for reading the memory state (Stallings 2000). 
Volatile and non-volatile memories. Memories can be classified as the volatile as well 
as non-volatile types. The volatile RAMs (random access memories) consists of static 
(SRAM) and dynamic (DRAM) types, whereas read-only memories (ROM) are of non-
volatile type (Stallings 2000; Muller et al. 2012). 
RAM memory is volatile because the data would be lost if the power would be 
interrupted. As a result, the RAM can be used only for the temporary storage of data 
(Stallings 2000). The non-volatile ROM memory does not consume power for 
maintaining a memory bit. Data in ROM can be read, but it is impossible to rewrite it. 
The data in ROM is stored once during the chip fabrication. The programmable ROM can 
be written electrically and it is possible to write on it after the chip fabrication (Stallings 
2000) 
DRAM. A dynamic RAM consists of memory cells, which store data as a charge in ca-
pacitors. Usually, the DRAM cells consist of one capacitor and one transistor. This 
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memory cell is used for the storage of one bit of information. In the memory cell, the 
transistor works as an open and closed switch.  The charged or discharged capacitor 
represents a binary 1 or 0 respectively. However, the capacitor tends to lose charge over 
time; therefore, the charge in the capacitor needs periodic refreshing. The DRAM is an 
analog device because the capacitor can store any amount of charge within the given 
range. The interpretation of 1 or 0 is made using threshold value of voltage (Stallings 
2000). 
SRAM. A static RAM uses flip-flop logic gates and the same logic as in processors; 
therefore, it is a digital device. The SRAM just like the DRAM can hold data if it has 
power. The SRAM’s memory cells have four transistors connected in a pattern for pro-
ducing stable logic states. Additionally, unlike the DRAM, the data in SRAM needs not 
to be refreshed (Stallings 2000). 
ROM memories. Another type of memories is the read-mostly memory, where the read 
function can be done more frequent than the write function. This group consists of 
EPROM, EEPROM and Flash memories. The EPROM memory is an optically erasable 
programmable read-only memory. The erasing occurs by 20 minutes exposure of chip to 
the UV radiation through the window on the packaging.  
EPROM, EEPROM, and Flash memories. The data holds in EPROM indefinitely and 
the erasing can be made many times. The EEPROM is an electrically erasable program-
mable read-only memory, which is more expensive and less dense than EPROM memo-
ries. In EEPROM, the reading time is much shorter than writing time.  In the Flash 
memory, the data is erased electrically and quickly. It is possible to erase just the blocks 
of the data; however, single bits cannot be erased. Like EPROM, it uses only one transis-
tor per bit of data, and, therefore, it is very dense (Stallings 2000). 
Flash memory.  The development of a cellular phone, for example, required a high-vol-
ume non-volatile solid-state memory with fast code execution. In addition, the memory 
should be large enough to store the whole program, the application and user data. First, 
the NOR and later the NAND flash memories fulfilled the need for smartphones, MP3 
music players, and digital cameras. NAND is dominating in the market (95%) (Lee 2011). 
The flash memory is used as a reference for all emerging electrically erasable non-volatile 
memories.  
The requirement for emerging memory concepts. It is expected that only one emerging 
technology can be adopted as a replacement for the mass memory storage such as NAND 
flash. The new entrant should deliver most features in order to be adopted in an industrial 
scale. The memory speed, scalability, power consumption, endurance, and density need 
to be better than in a flash memory. However, if the entrant can be better only on a limited 
scale, then this technology can be suitable for the niche applications only (Meena et al. 
2014). 
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The emerging resistive RAMs. The RRAM including the memristor-based RAMs can rev-
olutionize the consumer electronics and personal computing. RRAM is a simple bistable 
device with two terminals. It can switch between two or more resistive states by voltage 
pulses. Data retention and endurance, as well as reliability, may be the most critical issues 
in the RRAM development. Samsung and IBM companies involve actively in research 
with RRAMs (Meena et al. 2014). 
 
1.3 Resistive RRAMs (ReRAM or RRAM) 
Introduction. The emerging resistive RAM memories are today at different stages of 
technology development. Some of the prototypical devices are compatible with CMOS 
technology and even have better performance than Flash memories (Muller et al. 2012). 
These devices are based on a generic MIM structure (Metal-Insulator-Metal). M stands 
for metals or the electron conducting non-metals (Waser & Aono 2007b). The electrode 
materials can be the same or different. If  different electrode materials are used, then the 
bottom electrode needs to be inert (Pt, W or TiN), whereas the top active electrode is  Cu 
or Ag.  
 The I can represent an insulator or an ion conducting material (Waser & Aono 2007b) or 
a solid-state electrolyte (Lu et al. 2012). Various oxides, sulfides, selenides, tellurides as 
well as amorphous Si, the mixture of oxides and chalcogenides, and even organic com-
pounds can be used (Waser & Aono 2007a; Lu et al. 2012). These materials change their 
resistive states under the influence of an electric stimuli. The various thermal and electri-
cal effects together with the ion migration can explain the resistance switching. Moreover, 
the redox reaction can couple with the ion migration in the same device (Waser & Aono 
2007b).  
Terminology and general remarks. Many different concepts of emerging memories are 
recently investigated. Also, different classification and terminology may be used for the 
description of RRAMs (Waser et al. 2009; Muller et al. 2012). One can mention, for ex-
ample, MRAM (magnetoresistive memory), PCM (phase change memory), RRAM (re-
sistive RAMs) including the oxide RAM (OxRAM) or valence change memories (VCM), 
TCM (Ielmini et al. 2011) and CBRAM (ECM) (Waser et al. 2009; Muller et al. 2012).  
Usually, oxides are used in the ECM devices as well as in OxRAM or in VCM. Some 
memory types such as ECM or VCM historically can have a lot of different names and 
definitions. Moreover, the same oxides such as NiOx can appear in multiple categories 
(PCM and OxRAM) or the same oxide materials can be in VCM and ECM categories (Lu 
et al. 2012; Valov & Waser 2013; Celano 2016).  
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Furthermore, in principle, the same basic effect can be described using completely differ-
ent terminology. In addition, the same memory cell can exhibit many types of behaviors.   
There are various definitions of two-terminal emerging devices, some define it as memris-
tors and while others don’t.  
PCM (Phase Change Memories). At the moment, PCM types of memories are at the 
most mature stage of development. Such a cell uses the chalcogenide materials, which 
exhibit a reversible transition between two phases of different resistivity, therefore they 
were named as phase change memories. The amorphous phase can be denoted as “0” and 
crystalline phase as “1” in digital logic.  The reset (or erasing) current is in the order of 
100µA for GeSb with OFF/ON resistance >104. PCM memory reads and writes faster 
with lower power than NOR or NAND Flash memories (Muller et al. 2012). 
Thermochemical memory (TCM). Another example of emerging devices is thermochem-
ical memories with the unipolar type of switching. In prototypical Pt/NiO/Pt structure, 
the thermally induced local change in stoichiometry together with redox reactions causes 
a variation of the local conductivity. TCM type of behavior was observed in NiO, Al2O3, 
Nb-oxide, SiO, TiO2, HfO2, Fe2O3 and CoO- based devices.  Joule heating causes the 
change of resistance after applying voltage bias. The resulting current in semiconductive 
NiO would be thermally activated and further heating would increase the current too. As 
a result, a thermal runaway can occur leading to thermal-induced dielectric breakdown 
(Ielmini et al. 2011). As it can be seen, the same oxides are used in VCM and ECM 
memory cells. In addition, the thermally induced local change in stoichiometry (Ielmini 
et al. 2011) can mean the presence of oxygen vacancies (Waser & Aono 2007) or simply 
cation-rich region in the oxide.  
The valence change memory (VCM). The VCM is a valence change memory, where 
anion is assumed to migrate when voltage is applied. VCM consists of high and low work 
function electrodes with an oxide in between. The VCM cells base on the creation of 
‘mixed ionic-electronic conducting filaments’, which are oxygen-deficient (Valov et al. 
2013).  In tested ReRAMs, in both VCM and ECM cell, the measured electrochemical 
potential indicates the presence of an emf and nano-size battery effect (Valov et al. 2013). 
However, in the typical VCM cells (TaOx, HfOx, and TiOx) not only oxygen vacancies 
but also the metal cations are mobile and contribute to conduction. Moreover, the device 
can change the switching mode from VCM to ECM due to the intermediate layer of amor-
phous carbon (Wedig et al. 2016). According to Dr. Valov Ilia, ’it is not always possible 
to strictly distinguish between ECM and VCM cells.  Rather, both switching mechanisms 
can be found in one and the same cell’ (Valov). 
The electrochemical metallization cell (ECM). Generally, the ECM is defined as a 
memory cell, whose functionality is based on cation migration. It uses Cu or Ag as an 
active electrode. In addition, the ECM cell has an inert counter electrode at the bottom 
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and a solid electrolyte between the opposite electrodes. The material of the positively 
biased active electrode when dissolving causes the metal deposition on the opposite elec-
trode. Growing the metallic filament connects the electrodes.  This short-circuits the cell 
and turns it into the ON state, whereas applying a negative bias switches the cell OFF 
(Valov & Waser 2013; Valov et al. 2013).   
However, the ECM category includes materials with a quite different behavior. For 
example, one can consider the ECM cells based on the GeS or SiO2. The 50nm-thick Ag 
-electrode would completely be dissolved in 50nm-thick GeS-matrix without any 
treatment within two weeks, however, the Ag does not do the same in SiO2 (Cho et al. 
2012). This implies that, even without applied bias,  the  GeS matrix behaves as an 
intrinsic solid electrolyte in the same way as the liquid electrolyte in the electrochemical 
cell.  The  GeS matrix dissolves the inserted metal electrode, but SiO2 does not.  
In this work, SiO2- based ECM cell with Cu-electrode was studied. Therefore, the 
resistive behavior of  SiO2 and copper transport in SiO2 in  ICs would be also relevant in 
the interpretation of ECM switching behavior. In ICs,  SiO2 is thought as an insulator, 
but in the literature devoted to RRAMs, it can be also defined as the solid electrolyte (Lu 
et al. 2012) or cation-transporting material (Valov & Waser 2013; Valov et al. 2013).   
In addition, similar effects of the growth  of the metallic dendrites inside an insulator were 
investigated in the printed circuit boards (PCB) (Zhou et al. 2013), ceramic capacitors 
(Preu et al. 2014), and MOS capacitors (Willis & Lang 2004), where the effect was 
explained as an electrochemical migration of metal in the presence of moisture.  
1.3.1 Electrochemical metallization cell (ECM) 
The chemical reaction in ECM in general. Generally, the dissolution of the active elec-
trode in ECM memory cells is described by the equation 𝑀𝑒 → 𝑀𝑒𝑧+ + 𝑧𝑒− (1), whereas 
the electrodeposition at the opposite inert electrode as 𝑀𝑒𝑧+ + 𝑧𝑒− → 𝑀𝑒 (2). The 𝑀𝑒 is 
metal, 𝑧 is the valence state and the number of electrons.  The materials, which are usually 
used for active electrodes, are Ag, Cu. The usual material choice for the inert electrode is 
Pt or W (Lu et al. 2012).  
Dissolution of Cu into SiO2. Nevertheless, as it was previously mentioned, Ag does not 
dissolve into SiO2, as it does in the GeS-based ECM cells. For example, Ag dissolves 
directly into GeS even without any treatment, but Ag stays metallic when it is deposited 
on SiO2 (Cho et al. 2012).  Also, in the impure or contamination-free environment, the 
Cu cannot dissociate into ions  𝐶𝑢 → 𝐶𝑢𝑧+ + 𝑧𝑒− even under the influence of the electric 
field (He & Lu 2012).  
However, Cu can reduce the SiO2 in the presence of residual moisture and contamination 
due to the oxygen-containing species. If the oxide of copper exists at the Cu and SiO2 
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interface, then, under the influence of electric or thermal stress, copper ions may be cre-
ated and released into the SiO2  (He & Lu 2012).  
Moreover, the metallic species can migrate into the dielectric material by diffusion or 
drift. The diffusion can occur due to the concentration gradient and the drift is due to the 
electric field (He & Lu 2012). Copper transport in the oxide is controlled by both temper-
ature and applied voltage. In copper oxide, the copper ions and copper neutrals are present 
(Raghavan et al. 1995). The nanoscale metallic inclusions in dielectric material can dy-
namically change their position, size, and shape when the voltage bias is applied. The 
clusters of metals may be thought as the BPEs (bipolar electrodes), which may be dis-
solved, nucleated, and redeposited at any other location. The competitive electrochemical 
reactions can occur on both polarized sides (Yang et al. 2014).  
 
Therefore, the creation of the Cu ions in SiO2 is more complicated than the general chem-
ical reaction (1) of ECM cells can suggest. For thermal diffusion, the metal atoms should 
overcome the barriers between metallic bonding and the interface layers. At the interface 
between the dielectric and metal, the metal would oxidize creating a polarized dipole. If 
an electric field is applied, the dipole would be distorted, which then increases the prob-
ability of breakage of the metal-oxygen (Me-O) bonds. Only after breakage of the Me-O 
bonds, the metallic ions can be generated (He & Lu 2012). The injection of the copper 
ions into the dielectric material generates a charge build-up, which then limits the ionic 
current (Raghavan et al. 1995). 
The experiments with MOS capacitor show the presence of the significant ionic copper 
diffusion into SiO2 in the samples, which were oxidized in the ambient or in the pure 
oxygen. However, the vacuum treated samples do not show any sign of copper diffusion. 
Therefore, the oxidized copper electrode suggested being responsible for the transport of 
the copper ions through the oxide. The copper diffuses only if the oxidized copper is 
present. The Cu can oxidize via moisture of the ambient gases (Willis & Lang 2004). 
These results are consistent with tests made by Tsuruoka (Tsuruoka et al. 2012) and Tap-
pertzhofen (Tappertzhofen et al. 2013) with SiO2-based ECM memory cell with Cu as 
the active electrode. The switching in the SiO2 depends on the water partial pres-
sure 𝑝𝐻2𝑂, because without the water uptake, the SiO2-based memory cell does not 
switch in the vacuum, but Ta2O5 does.  
The effect of moisture in ECM memory cells. Tsuruoka et.al has put forward that, at the 
interface between electrode and oxide, copper ions are created as the result of the chemi-
cal oxidation with the help of the residual water. The chemical oxidation in the ECM 
memory cell is affected by the moisture from an ambient environment as well as the pres-
ence of oxygen in the oxide or residual water. The sputtered SiO2 having the nanoporous 
structure absorbs the moisture, but due to the smaller isoelectric point, SiO2 absorbs water 
in less extent than T2O5. In addition, SiO2 desorbs water in the vacuum easily due to the 
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weak hydrogen bonds between the silanol groups. Cu ions may migrate through the net-
work of the hydrogen bonds at the grain boundaries (Tsuruoka et al. 2012). 
The electroforming and the switching in the Cu/SiO2/Pt memory cell depend on the pH2O 
pressure. Unlike Ta2O5, the SiO2-based cells failed to switch with decreasing the pH2O 
pressure. In the vacuum, rather the dielectric breakdown of SiO2 occurs without creating 
of the metallic filament (Tsuruoka et al. 2012). At approximately 600 K, the Cu/Ta2O5/Pt 
cell made the transition from non-volatile switching to volatile, but the Cu/SiO2/Pt cell 
showed only the non-volatile switching mode (Tsuruoka et al. 2012). 
Tappertzhofen et al. proposed that the moisture from the ambient environment can pene-
trate from the lateral side of the ECM cell. The moisture is responsible for the filament 
creation and the transition of resistance in the SiO2-based ECM cells. He suggested that 
not only the positive bias at the top electrode but also the counter reaction at the opposite 
bottom electrode is needed for maintaining the charge electroneutrality. According to 
Tappertzhofen, the top electrode is active whereas the bottom electrode is inert. The re-
sistive switching and the electrochemical oxidation of the active electrode would be 
blocked if the charge transfer reaction at the inert electrode failed.  The following reac-
tions at the top electrode 𝐶𝑢 → 𝐶𝑢2+ + 2𝑒− and at the bottom Pt electrode  
1
2
𝑂2 + 𝐻2𝑂 +
2𝑒− → 2𝑂𝐻− are supposed to occur (Tappertzhofen et al. 2013). 
 
 Effect of density and porosity. According to Tsuruoka et al., the Ta2O5-based devices 
may be electroformed, however, the Pt/Ta2O5/Pt cell at higher voltage bias than 
Cu/Ta2O5/Pt cell.  The Cu/Ta2O5/Pt structure displays the bipolar switching, but the 
Pt/Ta2O5/Pt mostly does not switch. The disconnection of opposite electrodes or RESET 
seems to be due to the oxidation of Cu atoms assisted by the Joule heating and the Cu-
ions diffusion under a concentration gradient. The disconnecting of the electrodes can 
also occur at a positive bias, however, repetitive switching needs both positive and nega-
tive bias (Tsuruoka et al. 2010).  
In Cu/Ta2O5/Pt cell, the enhancing of the redox current and the reduction of the electro-
forming voltage were achieved with a decrease in the density of the Ta2O5 film. The 
density of Ta2O5 increases as RF power increases. Water absorbed into the Ta2O5 layer 
from the ambient atmosphere may react according to the equation 2𝐻2𝑂 + 2𝑒
− →
2𝑂𝐻− + 𝐻2 at the Ta2O5/Pt interface. The Ta2O5 films were fabricated by electron beam 
deposition and by RF sputtering at 30W and 200W.All samples had different densities 
despite the almost similar Ta/O ratio. The films with different densities showed different 
switching behavior. The films with the highest densities had only an electronic current 
without ionic current contribution. The decrease in density caused the appearance of cur-
rent peaks in the cyclic voltammetry (CV) attributed to the redox reactions. The peak of 
the ionic current would be larger than the electronic current at low voltage for the layer 
with the lowest density. Therefore, the decreasing the film density would enhance the 
redox reaction (Tsuruoka et al. 2015). 
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The size of the grains in the nanoporous amorphous thin films may be only a few na-
nometers. The absorbed water molecules would create a network of the hydrogen bonds 
at the Ta-O dangling bonds and grain boundaries.  At a positive bias, the metal would 
oxidize at the anode and ions would migrate toward the opposite electrode.  At the cath-
ode, the cell electroneutrality would be maintained by the reduction of water molecules 
to 𝑂𝐻−ions. The emf in the cell would depend on the concentration of the hydroxide and 
metal ions.  The dense films absorb very little water therefore, the limited redox reactions 
create a very small ionic current. Decreasing of the film density allows the incorporation 
of more water molecules into the Ta2O5 film. This enhances the redox reaction at both 
interfaces and increases the ionic current. In addition, the electroforming voltage de-
creases with the decrease in the density of the layer (Tsuruoka et al. 2015). 
Electroforming. First, the electroforming as a soft electric breakdown is needed for the 
initiation of resistive switching in the insulator, where the total charge controls the process 
of electroforming. As a result, the bipolar switching occurs between the virtual anode and 
the cathode with the creation of the conductive path due to local redox reactions (Waser 
& Aono 2007). 
Switching polarity. Switching may be unipolar or bipolar. The symmetric or unipolar 
switching is not dependent on the bias polarity. In unipolar switching, the change in 
resistance level from ON to OFF would require a higher voltage and current than in the 
opposite direction, during the transition from the OFF to the ON state. Thermally induced 
resistive switching exhibits a unipolar characteristic with the conductive filament affected 
by Joule heating. The filament consists of the electrode metal or suboxides. The unipolar 
switching needs the higher level of used compliance current. Switching is asymmetric or 
bipolar when the transition between switching states takes place at different polarity. 
Usually, the memory cells with bipolar behavior need asymmetry:  the different polarity 
of voltage during the electroforming or electrodes from different materials (Waser & 
Aono 2007). 
Circuit elements: diode and transistor,  ReRAMs and memristor. A transistor, which is 
a shortage for transresistance,  is the three-terminal device that amplifies and switches the 
electrical signal. On the other hand, a diode is a two-terminal element which rectifies the 
current. Rectification means that the diode has low electric resistance when current flows 
in one direction whereas it has high resistance in the opposite direction. Because of 
rectification, switching, and amplifying of electronic signals, the transistors and diodes 
had a huge technological impact in circuit design. However, in general, they are not 
considered as fundamental circuit elements such as a resistor, conductor, and inductor.  
In  2008,  Strukov et. al announced that the TiO2 based switching memory elements are 
memristors (memory resistors)  (Strukov et al. 2008).  1971, Leon Chua has suggested 
that memristor is the fourth circuit element which is fundamental (Chua 1971). Based on 
the mathematical symmetry Leon Chua had suggested that in addition to a resistor, 
10 
inductor, and a capacitor as basic circuit elements, the fourth fundamental circuit element 
should exist and he had named it a memristor, which comes from the shortening of the 
words memory resistor (Chua 1971). The concept of the memristor is introduced in more 
detail in Appendix 1. 
According to Leon Chua, all non-volatile memory devices with 2 terminals irrespective 
of their physical mechanisms or the used materials are memristors, because they are based 
on resistance switching, and they all have a loop with pinched hysteresis in 1st and 3rd 
part of the current –voltage characteristics (Chua 2011). Therefore, it is worth seeing what 
kind of circuit element the ECM memory cell is. Is it the current or voltage- controlled 
device, the passive or active circuit element?  If the ECM memory cell is an 
electrochemical cell, then the question is to define what kind of electrochemical cell it is. 
The Pourbaix diagram. However, the alternative explanation of the moisture effect on 
the resistance switching in the SiO2-based electrochemical metallization cell may be done 
based on the Pourbaix diagram. The explanation is introduced separately in Appendix 2.  
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2. THEORETICAL BACKGROUND 
2.1 Resistive switching 
2.1.1 The switching polarity 
The unipolar type of resistive switching. The unipolar resistive switching means that the 
transition between the OFF and the ON states occurs under the same voltage polarity 
(Schindler 2009; van den Hurk 2016).  Typically, the writing voltage is higher than the 
erasing voltage (Schindler 2009; van den Hurk 2016), but the write current is lower than 
the erase current (Schindler 2009).  The writing and erasing are usually from the upper 
µA to mA (Schindler 2009). The high erase currents in the unipolar memory cells indicate 
the dominance of the thermal effect. Nevertheless, the unipolar and bipolar switching can 
occur in the same type of the memory cell (Schindler 2009). 
The bipolar switching. The bipolar switching implies that the writing and erasing occur 
under opposite polarities (Schindler 2009; Tappertzhofen 2014; van den Hurk 2016). 
Usually, the bipolar switching occurs at much lower current than unipolar switching. Ad-
ditionally, the asymmetry due to the different electrodes or electroforming needs to be in 
cells with a bipolar type of switching (Schindler 2009).  
Polarity and memory cells. Typically, ECM and VCM memory cells show the bipolar 
type of switching, whereas the TCM (Thermo-Chemical Memory) cells exhibit the uni-
polar type of switching (Tappertzhofen 2014; van den Hurk 2016). The TCM and VCM 
memory cells are affected by processes in the insulator or electrolyte, whereas the ECM 
behavior depends on the choice of electrode materials (van den Hurk 2016). The Cu-SiO2 
memory cells exhibit the bipolar switching (Schindler 2009).  
2.1.2 Current compliance 
Current compliance. A current compliance during writing is typically used to control the 
low resistance ON state (Schindler 2009; Tappertzhofen 2014; van den Hurk 2016). Very 
small current creates weak filaments, which results in the unstable ON state, whereas high 
current creates strong ﬁlaments, which can’t be dissolved.  The high current compliance 
can induce the unipolar switching.  Repetitive switching can cause a strengthening of the 
ﬁlament, which after several hundred cycles can only be erased by much higher currents. 




The electroforming in general. The electroforming is usually defined as an irreversible 
change in conductivity of a thin film at a high electric field. After the electroforming, the 
switching and memory effects together with the negative differential resistance are found 
in amorphous and microcrystalline binary inorganic insulators (Dearnaley et al. 1970). 
The electroforming resembles the dielectric breakdown in amorphous or microcrystalline 
insulators. The dielectric breakdown is based on an electron avalanche and is a function 
of temperature and film thickness (Dearnaley et al. 1970). 
The gaseous fluorine from fluorides and oxygen from oxides develop during the electro-
forming. The created bubbles then can merge and spoil the region between metal and 
insulator. The electroforming voltage is sensitive to the anode materials, while cathode 
material seems not to affect the electroforming. The electroforming is sensitive to the 
atmosphere. During the electroforming, the oxygen vacancies are injected into the dielec-
trics. These vacancies increase the conduction locally in the insulator layer. The electrode 
dependence on the electroforming voltage is due to the anode reactivity (Dearnaley et al. 
1970). 
The insulators (oxides and fluorides) containing the reactive anions can be most readily 
electroformed. In addition, it seems to be easier to electroform the non-stoichiometric 
insulators. Oxygen can reverse the forming process. The electroformed MIM device dis-
plays the negative differential resistance of N-type (Dearnaley et al. 1970). 
The voltage dependence on the dielectric constant.  In oxides, the voltage for the maxi-
mum current was found to be dependent on the dielectric constant. The voltage would be 
smaller, when the dielectric constant of oxide is higher  (Dearnaley et al. 1970). The die-
lectric breakdown strength of an insulator and dielectric constant are related to each other. 
The time-dependent dielectric breakdown increases with increase in dielectric constants 
(McPherson et al. 2003). Therefore, it can be stated that differences between the electro-
forming (switching) behavior of different oxides, for example, can relate directly to the 
dissimilar value of dielectric constant of oxides used in RRAMs.  
Electroforming in EMC sells. For the repetitive resistive switching, EMC memory cell 
needs an electroforming cycle. The electroforming imposes asymmetry on the system. 
The Pt/SiO2/Pt device, for example, did not show any breakdown up to seven volts; there-
fore, the required asymmetry can be introduced by using the inert and oxidizable elec-
trodes in the MIM structure. Electroforming can also be thought as a current-limited 
dielectric breakdown (Schindler 2009).  
The voltage during switching is typically lower than during electroforming.  The differ-
ence in voltage can be due to the existence of the partly dissolved filament from the pre-
vious cycle (Schindler 2009). Typically, the electroforming voltage is a function of the 
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layer thickness, whereas the SET voltage does not depend on the device geometry (Tap-
pertzhofen 2014).  
The film density affects the electroforming characteristics but not switching voltage.    
The ﬁlm density increases after annealing which causes a consequent increase in the form-
ing voltage. The denser ﬁlms make the ion motion more diﬃcult, and a higher electric 
ﬁeld is necessary to create a conductive path (Schindler 2009). 
In addition, the electroforming can be explained via the creation of a conductive path 
through the cracks in the oxide layer. These cracks might occur because of an electrode-
posit growing from the inert electrode. The electrodeposits then can cause mechanical 
stress and cracks, making further ﬁlament growth to take place. However, the switching 
voltage shows a rather high variability in a single sample (Schindler 2009; Tappertzhofen 
2014).  
The electroforming voltage depends on the temperature when the voltage drops at 120°C. 
At higher temperatures, the increased mobility of ions may explain this voltage drop. The 
OFF state in ECM cell was stable up to 120°C, but the ON resistance was completely lost 
at temperatures >50°C (Schindler 2009).  
 
2.1.4 The threshold switching 
Preface. The chalcogenide glasses, niobium and vanadium oxides often display the 
threshold switching tightly bounded with the S-type of negative differential resistance. It 
means that during switching both effects show up simultaneously. Nevertheless, other 
oxides can display the threshold switching (TS) and negative differential resistance sep-
arately (NDR) at specific bias. In addition, the explanations of the observed effects to-
gether with the conduction mechanisms are usually the materials- or the oxide type- spe-
cific. First, the threshold switching behavior in chalcogenides, niobium and vanadium 
oxides would be reviewed, and then the TS effect would be explained for other oxides, 
amorphous Si, and SiO2.  
The TS in chalcogenides.  The chalcogenide- based devices display the reversible tran-
sition between the crystalline and the amorphous phase, which was named as Ovonic 
memory switching (OMS).  The switching without such transition would be ovonic 
threshold switching (OTS) (Redaelli et al. 2008). The amorphous phase of the Ge-Sb-Te-
based memory cell exhibits simultaneously the threshold switching and the S-type of the 
negative differential conductance (Redaelli et al. 2008). The threshold switching (OTS) 
in the chalcogenide glasses controls the operating voltage and the switching kinetics (Iel-
mini 2008). 
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The threshold switching is supposed to be the pure electronic effect (Redaelli et al. 2008; 
Le Gallo et al. 2016; Zalden et al. 2016; Pandey & Manivannan 2016) because the switch-
ing is faster than the crystallization can occur (Zalden et al. 2016). In addition, the transi-
tion to amorphous from a crystalline state is faster than from amorphous to the crystallized 
phase (Pandey & Manivannan 2016). 
In chalcogenides, the non-inform electric field, as well as a non-equilibrium population 
of the high-mobility shallow traps in the band gap, may explain the TS switching in these 
glasses (Ielmini & Zhang 2007). Additionally, the TS can exist due to an unstable 
transport of electrons at a high electric field. In a forbidden gap of chalcogenide glasses, 
the concentration of the trap states is high. Consequently, the Fermi level would be in the 
central part of the band gap implying a high resistivity of the disordered glass structure. 
Therefore, the trap states would control the conductivity of the chalcogenide glasses (Iel-
mini 2008). 
Moreover, the TS conduction in the chalcogenides may be attributed to the Poole –Fren-
kel conduction as a result of the deep traps in the band of the amorphous semiconductor 
(Ielmini & Zhang 2007), the thermally induced Poole-Frenkel (P-F) conduction or the 
field –induced small polaron hopping (Ielmini 2008).  
Furthermore, the switching in the phase-change materials is explained by the Joule-heat-
ing –induced (Le Gallo et al. 2016)  thermal feedback or by a Joule heating-based thermal 
model (Zalden et al. 2016). 
Finally, therefore, the range of the explanation of the TS in chalcogenides varies from the 
pure electronic to just a thermal effect due to the Joule heating.  
Niobium oxides. The threshold switching (TS) in the  NbO2- based structures (Kim et al. 
2013; Slesazeck et al. 2015) can be explained with (Kim et al. 2013) and without the 
influence of the metal- insulator transition (Slesazeck et al. 2015). The different switching 
type (TS or MS) is associated to the different Nb and O ratio because the TS switching is 
found in NbO2, whereas the MS in Nb2O5 (Kim et al. 2013).  
The TS may be attributed to  the temperature- activated and trap-assisted Frenkel-Poole 
like (P-F)conduction mechanism (Slesazeck et al. 2015), the electric field –triggered 
Joule heating- induced metal-insulator transition (IMT) or changes in electronic structure 
(Wang et al. 2016) as well as the field- triggered thermal runaway (FTTR) (Funck et al. 
2016a). In the FTTP model, the temperature dependence is smaller than in the IMT model. 
In addition, the FTTR is based on an intrinsic hopping of polarons together with lowering 
the barrier similar to the P-F conduction (Funck et al. 2016a).  
Vanadium oxides. The V2O5-ZnO-SrO-FeO structure exhibits the threshold switching 
which is explained as being due to the absence of the structural reorganization in the glass. 
Unlike the TS switching, the memory switching (MS) requires the structural change in 
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the rigid cross-linked glassy networks. (Ahmed 2013). The large variability of the switch-
ing voltage during the TS in the ViO2-based memory cell is attributed to the Joule heating 
(Lee et al. 2013). 
Other oxide structures. The Co-doped polycrystalline LBFCO ceramics exhibits thresh-
old switching (TS) at elevated temperatures and the memory switching (MS) at room 
temperature. The dopant increases the leakage current and concentration of the oxygen 
vacancies (Wang et al. 2012). The ZnO/GaN heterostructure exhibits the threshold 
switching (TS), which is assumed to be due to the traps of electrons at the oxygen vacan-
cies and other deep level defects, which act as the trap centers.  The threshold voltage 
decreases with increasing the concentration of the Mn dopants (Zhou et al. 2014).  
The Ag-Cu2O structure exhibits the bi-directional threshold switching due to the unstable 
Ag-filament, which can spontaneously rupture in the Cu2O layer. The bi-directional be-
havior was achieved by engineering of a multilayer stack of Cu2O/Ag: Cu2O/Cu2O 
(Song et al. 2015). The MS and TS switching coexist in the AlOx-based crossbar RRAM. 
The current compliance controls the transition between the MS and TS switching mode. 
Threshold switching is explained being due to an electron transport through the oxygen 
vacancies acting as a point defect. The F-N tunneling can explain the conduction in the 
LRS state (Banerjee et al. 2015). 
Silicon, zirconium oxide and silicon dioxide. The hydrogen- treated Ag-amorphous Si –
based device exhibits threshold switching because such treatment enhances the dissolu-
tion of the Ag filament. Reducing the stability of the metallic filament is beneficial for 
obtaining the threshold switching at higher level of current compliance (Yoo et al. 2015). 
The current compliance in the Ag/SiO2/Pt memory cell controls the switching mode be-
cause the volatile TS and non-volatile MS switching can coexist in the same memory cell.  
The MS switching is associated with the creation and electrochemical dissolution of the 
continuous conducting filament (CF), whereas the TS switching operates with the discon-
tinuous CF between isolated Ag crystals. The tunneling barrier exists between nanocrys-
tals (Sun et al. 2014). 
Both Cu/ZrO2/Pt and Ag/ZrO2/Pt memories exhibit a threshold switching (TS), which is 
explained being due to the moisture absorption. The absorbed water molecules would 
create the networks of hydrogen and enhance the anodic oxidation and the Ag- ion mi-
gration. Moreover, the TS behavior in the electron beam evaporated and sputtered Ta2O5-
based device is related to the different porosity level and the moisture uptake from the 
ambient environment. In addition, the absorbed moisture may influence the electromotive 
force, under the influence of which the spontaneous dissolution of the metallic filament 
would be driven during TS switching (Du et al. 2016). 
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2.1.5 Negative differential resistance (NDR)   
Preface. The systems having the S-type negative differential resistance would be intrin-
sically unstable (Hudgens 2012). In the current-voltage characteristic, the region of the 
negative differential resistance is unstable (Zhang et al. 2015). 
The TS effect can be used for the selector applications in ReRAMs and as the electric 
oscillator. These oscillators do not require any inductive elements or transistors as in the 
conventional ones. The region of NDR in the current-voltage curve was attributed to the 
oscillations.  Such a device displays the sporadic, relaxation, and damped oscillations. 
The oscillations depend on the series resistance as well as on the applied voltage. The 
oscillation frequency can be adjusted by the load resistance or the source voltage (Liu et 
al. 2016).  
NDR in different materials systems. Many material systems were frequently reported hav-
ing the intrinsic negative differential resistance (NDR) such as chalcogenides displaying 
the current- controlled S-type NDR (Redaelli et al. 2008; Hudgens 2012). Nevertheless, 
the NDR was often reported in the materials having a specific chemical group like the 
nitroamine in the self-assembled monolayers (SAMs) (Chen et al. 2003) as well as the 
dopant concentration (up to 2.5%)  and the geometrical restriction of the conductive fila-
ment in the V2O5-ZnO-SrO-FeO glass (Ahmed 2013).  
Moreover, the creation of new oxygen-deficient oxide phase such as AlOx at the interface 
of the Al/Pr0.7Ca0.3MnO3 (Li et al. 2009), new sub-oxide in the TiO2-x/TaOx-based 
structure (Yang et al. 2012) as well as a new suboxide phase at the interface of  Ti/HfOx 
(Chen et al. 2010) were connected to the NDR effect.  In addition, the high-density state 
of the defects in the boundaries of the ZnO- nanorods was attributed to the NDR effect 
too (Chuang et al. 2014). 
Trapping of electrons. In addition, the electron trapping or detrapping by the oxygen va-
cancies in the TiO2-based devices  (Du et al. 2012; Zervos et al. 2015)  as well as  Ag 
nanocrystals in Ag/SiO2/Pt structure (Sun et al. 2014), for example, were related to the 
NDR effect. Nevertheless, the entire switching in the Al/TiOx /TiO2 /Al cell and the 
Cu/BaTiO3/Ag device were attributed to the oxygen vacancies trapping electrons (Kim 
& Choi 2009). 
Tunneling. Moreover, the NDR was explained by the different tunneling effects.  For 
example, the graphene-based multi-junction heterostructure shows the room-temperature 
NDR explained by the resonant tunneling between two separated quantum states (Lin et 
al. 2015).  Additionally, deviating from the ideal step function for the NDR in transition 
metal oxides was explained by “the quantum mechanical tunneling of electrons” between 
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discontinious parts of the filament. Furthermore, the NDR is explained as the Joule heat-
ing- assisted transition from order to disorder in the conductive filament (Jeong et al. 
2006). 
The moisture effect. In many cases, the moisture from the ambient environment is not 
negligible for the NDR effect. The nearly identical NDR effect was observed in TiO2, 
Al2O3 and the banana skins in the presence of the ambient moisture. The water- inducing 
tunneling, the water absorption and decomposition can explain the NDR in these materi-
als. The TiO2 and Al2O3 are intrinsic NDR materials, but the SiO2 and banana skin are 
not (Li et al. 2014).   
2.2 Structure and morphology of SiO2 
The glass structure of SiO2. The glasses are supercooled liquids, which form the ex-
tended non-periodic three-dimensional networks. The networks are not completely 
random, but all states are not equally probable.  One can imagine the glass as a unit cell 
of infinite size comprising of an infinite number of atoms (Zachariasen 1932). The cova-
lently bonded amorphous oxide has mainly the short-range order, but at longer ranges, 
the order is missing. Moreover, the comparatively ordered networks and rings are con-
nected by surface states or dangling bonds (Dearnaley et al. 1970). The silicon dioxide 
has the SiO4 tetrahedra as single units, which is formed by joining 𝑆𝑖𝑂4
−4 in circles, 
chains, planes, and 3D structures (Galasso 2016).  
The chemical composition of the glass structure can be written as AmBnO, where B is the 
glass-forming and A are other cations, n and m represent the non- integer number of atoms 
per each oxygen. The value of n of about 0.5 is the most advantageous for the glass struc-
ture. B- cations may surround the tetrahedra or triangles of oxygen. The glass should 
contain the glass-forming cations as  Si+4, for example, or cations able for replacing B 
cations isomorphously. For example, Al2O3 cannot form glass, but Al+3 can replace Si+4 
isomorphously (Zachariasen 1932). 
 For valence balancing, statistically distributed cations and holes need to be added to the 
network. The cation size in the hole determines the dimensions of holes. The repulsive 
potential between cations A and B should be negligible. Therefore, the distance between 
the cations B and cations A must be large. A- cations need to be large and have a small 
charge (Zachariasen 1932). 
 The cations A are usually alkali ions. The cations B are usually more tightly bound to the 
atoms of oxygen than the alkali cations A. Therefore, increasing the temperature of some 
migrating atoms A can occur without a significant breakage of the vitreous network.  Uni-
valent cations should migrate easier than the divalent ones. In addition, with the same 
charge, the smaller cations migrate easier than large ones. The electric conductivity of 
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glass, therefore, should be electrolytic and be a function of temperature (Zachariasen 
1932).  
Chemical defects in SiO2. The oxygen interstitials are the intrinsic defect with the highest 
concentration of the equilibrated alfa-quartz and silica, where the compensation of charge 
can be between the negative interstitials of oxygen and positive holes in the valence band. 
The defect concentration is the partial oxygen pressure and temperature dependent. The 
negative interstitials should be dominant at the high temperature and low pressure, while 
at the high-pressure and low-temperature the neutral defect should dominate. Due to the 
low concentration, the contribution of the negative oxygen interstitials to the ionic con-
ductivity is negligible, however, if Fermi level due to the impurities, for example, raises, 
then the negative interstitials would make a substantial contribution to the ionic conduc-
tivity (Roma & Limoge 2004).  
In the SiO2 glasses, the most common defects are the oxygen vacancies. In addition, the 
dangling bonds due to the modifier ions and strained Si-O bonds are formed. Two types 
of the paramagnetic dangling bond type defects dominate: the dangling bonds of oxygen 
and silicon. The oxygen dangling bonds are related to the non-bridging oxygen hole cen-
ter. Induced by radiation, the interstitial atoms of oxygen are in the pyroxy mode ( Si-O-
O-Si), which interact with the dangling bonds of oxygen.  The hydrogen doping reduces 
the defect concentration, however, produces new hydroxyl groups which are precursors 
and promote the generation of the oxygen vacancies (Skuja et al. 2005).  
In the lattice, at the low temperatures, the interstitial states are empty and the normal states 
are fully occupied. With the increase in the temperature, the ‘self-interstitial-vacancy 
pairs’ are created due to the intrinsic thermal disorder. Therefore, the combined sub-lat-
tices are partly occupied (Kilner 2000). The results of the emf and conductance 
measurements in the solid-state electrochemical cells based at the high impurity 
amorphous SiO2 suggest that the doubly charged oxygen interstitials as the native defects 
are mainly responsible for the ionic conduction at the elevated temperatures (Mills & 
Kroger 1973).  
SiO2 as a dielectric material.  The insulating materials should have a combination of the 
good dielectric properties together with the thermal and mechanical stability. The chem-
ical structure of material affects its structural stability, which associates with a high den-
sity of the strong atomic bonds. Moreover, the strongest and the densest bonds are usually 
the most polarizable as in the case of SiO2, for example. The SiO2 has the relatively high 
dielectric constant (k=4).  The decrease in density due to creating a porous strucuture 
causes  decrease in the dielectric constant and polarizability, however, at the expense of 
the thermomechanical properties. In addition, increasing the porosity over 30% causes 
the percolation and interconnection of the porous network. Consequently, the local trap-
ping of the impurities and moisture can cause the crack formation or increase in a dielec-
tric constant (Ho et al. 2003).   In addition, SiO2 is not only an insulator but also, at the 
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elevated temperature, a wide-gap semiconductor working as an active layer for the semi-
conductor devices (Han et al. 2010).  
The incorporation of the lighter atoms or less polarizable bonds decreases the dielectric 
constant. The polarization in materials consists of the electronic, atomic, and orientational 
components.  SiO2 has a large nuclear component due to the strong atomic polarization. 
The orientational polarization in the thin films arises due to the absorbed moisture. The 
water molecules have dipole moments, which are large and permanent. Therefore, water 
absorbed from ambient environment affects directly on the dielectric constant of materials 
(Ho et al. 2003). 
At a temperature between 200 and 400°C, charge storage was identified under metal 
contact in the Si/SiO2/Metal structure.  Development of charges can be a result of none-
lectrical processes, the formation of double-layer or electrode discharge.  The electrolytic 
rectification at the silicon-oxide boundary caused the unidirectionality of ohmic conduc-
tion and the asymmetry with the high differential capacitance at the silicon-oxide inter-
face (Yamin 1965). 
Microstructural defects. The concentration and the arrangement of defects such as pores, 
grain boundaries, dislocations, and impurities affect the physical properties of the 
material (Tuller & Bishop 2011).  
The dielectric breakdown of SiO2. The dielectric breakdown strength of the thermally 
grown SiO2 depends on how it was measured. Artifacts, thickness of metallurgical con-
tact, oxide thickness, capacitor area, applied bias voltage, instrument impedance, and time 
constant have an influence on the breakdown properties of oxide. The breakdown char-
acteristics of the thermally grown SiO2 films on the Si substrate are weakly affected by 
the dopant concentration in the silicon wafer, oxide thickness, metallization, measuring 
temperature or the oxidation ambient (Osburn & Ormond 1972b). The dielectric strength 
of the sputtered SiO2 is 0.5 ∙ 109 𝑉/𝑚 (Bartzsch et al. 2009). 
SiO2 as the electrolyte. In MOS (metal-oxide-semiconductor) devices, silicon dioxide 
should be considered as a solid electrolyte rather than an insulator (Revesz 1965). Ionic 
solids may be solid electrolytes having pure ion-conducting or mixed conducting ionic-
electronic behavior (Maier 2005).  
An electrochemical cell consisting of two metal electrodes separated by electrolyte can 
dissolve and conduct ions. At the nanoscale thin films, the normally dielectric materials 
may act as an electrolyte. The thin films may exhibit quantization of the energy and elec-
tronic conductance as well as the effect of Coulomb blockade.  Metallic ions (Ag, Ni, and 
Cu) may be electrochemically dissolved into SiO2 (Valov & Lu 2016). 
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Conductivities in pure SiO2.  Not only predominantly ionic, electronic but also mixed 
ionic-electronic behavior was found in amorphous silicon dioxide films at elevated tem-
peratures, where, ionic conduction was attributed to doubly charged oxygen interstitial 
(Mills & Kroger 1973). The electronic transport in an amorphous insulator SiO2 is de-
scribed to be diffusive with Brownian-like motion involving carrier trapping rather than 
scattering (Wager 2017).  
Impurities in SiO2. Below 450C, the conductivities of the thermally grown silicon dioxide 
were independent of temperature and attributed to impurities inside insulator. Above 
450C, the dc conductivity of SiO2 increased with increase in temperature. In the temper-
ature range between 500C and 960C, ionic as well as electronic conduction type was 
identified; the ionic conduction was attributed to the transport of oxygen ions (Srivastava 
et al. 1985). 
The mobile ionic charges (impurities of alkali ions or H+) in the SiO2 can cause an un-
wanted instability of the electrical parameters in devices, which can be eliminated using 
the ultra-clean processing.  Under applied field, decreasing of ionic conductivity with 
time can be attributed to the limited supply of ions, which cannot be freely injected into 
the oxide. Therefore, space charges will build up.  Removing the external field causes 
ions to move back to equilibrium state causing the effect of a hysteresis (Bentarzi 2011). 
According to ab initio modeling, the strained Si–O bonds may be broken by H atoms in 
amorphous silicon dioxide (a-SiO2) networks. The created dangling bonds are attributed 
to a 3-coordinated Si atom with an unpaired electron (El-Sayed et al. 2015). 
2.3 Doping 
Introduction. In the next section, the concept of the doping of SiO2 will be introduced. 
In addition, the doping of other oxides will be separately represented in Appendix 3.The 
aim was to determine the possible effects, which can be observed during the doping. In 
our case, the concentration of the doping elements is expected to be less in the memory 
cells than in the doped targets. Moreover, the available analytic techniques could not re-
liably measure the very low concentration of the doping elements. Therefore, the focus 
was mainly on the electrical characterization of the ECM cells to observe the possible 
differences due to doping.    
Doping in general. Doping in semiconductors introduces electrons or holes whereas dop-
ing in ionic crystals creates excess cation or anion vacancies (Sunandana 2015). 
The ionic conductivity can be optimized by a specific structure or compound as well as 
materials modifications. The homogeneous doping with aliovalent ions causes the disso-
lution of dopant in the matrix and affects the ions concentration. The local electrical neu-
trality is required for the homogeneous doping. On the other hand, heterogeneous doping 
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means the adding of another phase where the deviation from local electrical neutrality 
may occur (Maier 1995). 
2.3.1 Doping of SiO2 
The doping of SiO2.  In acceptor doped silica (like B), a decrease in 𝑂𝑖
′′ and increase in 
ℎ• as well as an increase in  𝑉𝑂
•• and a decrease in 𝑒′ would be observed. According to 
Kroger and Vink’s notation, ℎ•, 𝑒′, 𝑉𝑂
•• and 𝑂𝑖
′′ refer to ionized holes, electrons, oxygen 
vacancies and oxygen interstitials. A superscript dot refers to a positive charge and dash 
to a negative charge.  Doping with donors would have the opposite effect (Mills & Kroger 
1973). However, doping here means the introduction of donors or acceptors, which re-
place the Si in silica networks.  These acceptors and donors work as network formers in 
silica. On the other hand, the introduction of metallic cations in silica does not imply such 
a replacement as shown in Figure 1. These cations work as network modifiers.  
Figure 1 shows 2D- schematics of possible defects in SiO2 (Revesz 1965). It can be seen 
that cations (Me+ or Me++), which are added in silica glass, take the place of interstitials 
in silica networks and work as network modifiers. Using the schematics shown in Figure 
1, it can be suggested that adding cations (Me+ or Me++) would affect directly the 
concentration of dangling bonds (or non-bridging bonds) in silica.  Due to charge 
neutrality, adding of  Me+ would require the creation of  the non-bridging oxygen 
interstitial and non-bridging oxygen. Adding of Me++ would requre the creation of 
individual non-bridging oxygen vacancy and one non-bridging oxygen. It can be 
suggested that introduction of non-bridging bonds due to network modifiers would create 
the porous nanostructure in SiO2.  
Therefore, both the substitution of Si in silica networks and the introduction of cations 
would affect the nanostructure of SiO2. Moreover, it should also affect the switching 
properties of silica. Not only the dopant concentration or its form  (atom or ion)  but also 
valency and even exact position as a network modifier or former would affect the 
switching properties of silica.    
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Figure 1. Schematics of possible defects in a silica networks (Revesz 1965). 
The doping of SiO2 by Al. The doping of SiO2 with Al could have a different influence 
on the electrical properties silica. The Al ion can be interstitial in silica; it can replace Si 
in a lattice or be as a different secondary phase in silica. The replacement of Si+4 by Al3+ 
(or Me+++) in the silica network (Zachariasen 1932) is possible. However,  Al can be 
introduced in silica in other forms without direct replacing of Si in the silica network.  
In amorphous silica, inhibition of both the network and interstitial diffusion of oxygen 
was attributed to the small concentration of Al-dopants. However, these dopants did not 
replace Si in SiO2. The impurities in the silica network generate non-bridging O working 
as an easier path to oxygen transport. The six-membered rings of silica chains can pass 
the oxygen through. This controls the interstitial diffusion of oxygen. The Al-doped silica 
needs twice as high activation energy for diffusion than pure silica (Wang et al. 2006).   
According to the ab initio calculations, AlSi and PSi would be the best choice for p- and 
n-type doping of SiO2 (Han et al. 2010). Moreover, the solubility of Er3+ in SiO2 has 
been enhanced when silica was co-doped by Al and P. The Al-doping increases the en-
tropy of mixing (Saitoh et al. 2006; Yang et al. 2008), whereas doping by P influences 
the enthalpy (Saitoh et al. 2006). 
Furthermore, Al-doped buried SiO2 was used for creating of holes as the majority charge 
carriers in a nearby layer of Si. Due to that, the acceptor states below the valence band 
edge of Si were created (Konig et al. 2017). This technique resembles the heterogeneous 
doping techniques using for the doping of ionic solids. 
The substitution of Al3+ for Si4+ in the natural and synthetic porous zeolites creates the 
useful defects.  The metallic cations or protons, for example, balance the charge to achieve 
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the overall neutrality in the solid. The holes as the charge carriers can hop between nearby 
oxygen and behave as a ‘small bound polaron’ (To et al. 2005). 
Using the modified DFT+U (density functional theory, the electronic and atomic structure 
of the SiO2 doped with Al were modelled with the localized hole state created above the 
valence band. The Al-doped SiO2 has a hole, which would be shared by the four atoms 
of oxygen, however, one elongated Al-O bond would be structurally distorted (Saitoh et 
al. 2006; Yang et al. 2008). 
According to the first principle calculations, the sharp DOS (the electronic density of 
state) peaks are found in the Al2O3- doped SiO2.  In the networks of –[Al-O-Al]– bonds, 
this corresponds to the unsaturated 2p orbitals of the oxygen (Yang et al. 2008).  
The Al-doping of SiGe –rich SiO2 enhances photoluminescence intensity in comparison 
to the samples without Al. However, the deterioration of photoluminescence was ob-
served at a concentration level of 6 × 1014 cm−2 because the Al impurity generated a deep 
trap level in the band gap of the GeSi –nanoparticles (Zhong et al. 2011). 
Trivalent defects in Si can be made by other means than using the doping technique. For 
example, in MOS (metal-oxide-semiconductor) devices, trivalent silicon can be obtained 
during oxide reduction using hydrogen or metal. Such a defect may act as the surface state 
with donor function. When an electric field is applied, migrating ions of metal may cause 
asymmetry in I-V characteristic, transient, and hysteresis effects. The uniformity of the 
defect distribution depends on oxidation (Revesz 1965). 
Based on simulations and experimental results, the Al-doped silica may exhibit many 
possible effects, depending on the exact position of Al in glass networks.  The replace-
ment of Si by Al in silica causes the increase in oxygen vacancies.  Also, Al interstitial 
would generate non-bringing oxygen, which can accelerate the network diffusion of ox-
ygen. The presence of non-bridging oxygen would suggest also the more open porous 
nanostructure of silica doped with interstitial of Al. Increase in porosity could be identi-
fied by means of XRR, for example, or the measurement of dielectric constant.   
The doping of SiO2 by Cu. The study of the Cu-doped  SiO2 film shows that Cu remains 
in the elemental form after the diffusion for the annealing conditions used.Therefore, Cu 
does not react with the SiO2 (Thermadam et al. 2010). The electrical characterization of 
the Cu-SiO2 memory cell shows that also multi-bit storage is possible in a single cell. 
The material characterization suggests that Cu is present in the insulator as free atoms. In 
addition, the creation of the stress-induced voids in the insulator is the possible driving 
force of the Cu diffusion in oxide (Puthenthermadam 2011).  
A SiO2 based PCM makes the transition from threshold switching to bipolar resistive 
switching after thermal doping with Cu.  The suppression of Cu diffusion and/or the elim-
ination emf due to moisture in the porous SiO2 matrix can explain the enhancement of 
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filament stability in a doped sample however with a larger cycle-to-cycle variation (Chen 
et al. 2016). 
In the Cu- or Al-doped SiO2 memory cells, the conductive filament consists of many 
discrete Ag –particles.   The low mobility of ions, as well as the low rate of redox reac-
tions, can explain the granular structure of the conductive filament in the SiO2. It is esti-
mated that diffusion coefficient of cations in nanoscale SiO2 is higher than bulk materials. 
The improvement of the retention in low resistive states can be made by reducing the 
diffusion, by doping of SiO2 with ions of metals as well as by increasing the oxide den-
sity.  Nevertheless, the excessive doping could cause the degradation of off-state re-
sistance. Too dense SiO2 slows down the switching speed and causes the cells to stack in 
LRS (Chen et al. 2017a). 
The doping of SiO2 by Ni. The Ni-doping SiO2 was used in the Pt/Ni: SiO2 /TiN –based 
ReRAM device. The two separate targets of N and SiO2 were used for the sputtering of 
the doped SiO2. According to FTIR (Fourier transform infrared spectroscopy), the 
stretched Ni-O and O-H bonds were found (Tsai et al. 2012b). 
In addition, the control sample with the structure of Pt/SiO2 /TiN was fabricated, which 
does not, however, shows the switching or electroforming behavior even at 30V with a 
current of 10-7A. On the other hand, the Ni-doped sample switches with a relatively high 
current compliance of 0.01A and voltage bias +3V/-2V (Tsai et al. 2012b). The Frenkel-
Poole and ohmic type of conduction were identified in the different regions of the same 
I-V curve. However, the temperature dependent tests for the differentiation of Poole-
Frenkel and Schottky emissions were not mentioned. On the other hand, the cyclic endur-
ance at 85C was evaluated. Moreover, it is possible that the same level of current com-
pliance needs to be used in the control sample for the evaluation the doping effect.  
The doping of SiO2 by Zr and C. The Pt/Zr: SiOx/ TiN and Pt/Zr: SiOx/C: SiOx/TiN 
device structures were investigated with compliance current of 1mA and voltage of +1V/-
1.5V. Frenkel-Poole, ohmic type, and hopping conduction mechanisms were identified 
(Zhang et al. 2013). 
The doping of SiO2 by Sn. The Pt/Sn: SiOx /TiN device structure was investigated using 
the supercritical CO2 to cross-link the dangling bonds. After treatment, the ohmic con-
duction was replaced by hopping (Tsai et al. 2012a). 
The doping of SiO2 by ZnO. The ITO/ZnO: SiO2/ZnOx /TiN –based device was studied 
with the current compliance of 1mA and voltage bias +0.6V/-0.6V. The Indium –Tin-
oxide (ITO) was used to create a concentration gradient of oxygen (Huang et al. 2014). 
The doping of SiO2 by other elements.  At the slight levels of doping, the resistivity of 
polycrystalline Si films does not depend on dopant concentration. However, in the heavily 
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doped regions, resistivity is a function of dopant concentration, which can be explained 
by dopant segregation in the grain boundaries (Fripp 1975). 
Decrease in  the amount of strained Si-O bonds was achieved by doping of silica by F.  
This has influence on  optical properties of silica (Skuja et al. 2005), such as the radiation 
toughness and the vacuum-ultraviolet optical transmission. Co-doping by F enhances the 
rare earth ions’ solubility in the silica glass melt (Funabiki et al. 2012). In addition, doping 
by F decreases the dielectric constant of SiO2 from 4 to 2.6 (Lim et al. 1999). 
The doping by N results in the formation of a SiOxNy thin film with two separate phases 
of SiO2 and Si3N4 (Toyoda et al. 2003). 
SiOx can be used as the sole active material in the memory cell, with switching occurring 
due to the creation and modification of Si nanocrystals (NCs) inside SiOx (Yao et al. 
2010). 
A Ti/In2O3: SiO2/Pt device exhibits the bipolar switching behavior, which is explained 
to be due to a high quality of the fabricated interface between the switching layer and top 
electrode, as well as migration of oxygen ions (Hsieh et al. 2014).  
There is a correlation between the solubility limit of the impurity atoms in the non-stoi-
chiometric materials and ionic radii of the impurity atoms. The solubility limit increases 
with the increased concentration of the charged and neutral cation vacancies (Rogacheva 
2008).  
2.4 Other methods for improving resistive switching 
The doping, varying oxygen content or annealing after the deposition can modify the 
functional layer. Moreover, using a buffer layer or changing the electrode can improve 
the interface between the functional layer and electrode. The formation of the oxygen 
vacancies in the functional layer occurs when the metal electrode oxidizes. In summary, 
ECM needs the specific electrodes. However, in the VCM, the TiN or Ti electrode works 
as the reservoirs of oxygen and thus can deliver enough nonlattice oxygen vacancies and 
form filaments (Lian et al. 2011).  
As for VCM, the buffer layer is typically a metal oxide or the oxidizing metal. In ECM, 
doping with Ag or Cu impurities can raise the concentration of the mobile cations. 
Whereas in VCM, more oxygen vacancies are created after doping with Li and Ti. These 
dopants have a higher absorption of oxygen than other impurities. The doping of tetrava-
lent metal oxides by trivalent elements like Al, for example, would lower the energy for 
generating the vacancies of the oxygen. It would also facilitate creating the filaments 
along the doping locations (Lian et al. 2011). 
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2.5 Conduction mechanism 
2.5.1 Preface 
Conduction in insulators usually shows a clear temperature dependence. The common 
conduction mechanisms are Schottky emission, the Poole-Frenkel emission, the hopping 
conduction, as well as the space-charge-limited current (SCLC) (Dearnaley et al. 1970) 
and ionic conduction   (Lim & Ismail 2015).  
The Schottky emission is an emission of thermally excited electrons over the energy bar-
rier into the conduction band of the insulator.  This mechanism usually occurs at a high 
temperature in oxides (Lim & Ismail 2015). The Poole-Frenkel emission is the emission 
of electrons, which are excited by the electric field and trapped by immobile positive 
charge into the conduction band of insulator (Dearnaley et al. 1970).  
The hopping conduction can be divided on the nearest neighbor hopping (NNH) and the 
Mott variable-range hopping (VRH).  In the NNH mechanism, the electrons trapped in 
the insulator can hop into another trap location which is located a quite near. The trapping 
center can be defects in the oxide, for example. Unlike in NNH, the electrons in VRH can 
hope to the trap location, which is far away, but with relatively low energy. The SCLC is 
conduction mechanism limited by space charge and controlled by traps.  This mechanism 
has 𝐼 ∝ 𝑉 (ohmic), 𝐼 ∝ 𝑉2(Child’s law), as well as a steep increase at the high field, re-
gions (Lim & Ismail 2015).  
 
2.5.2  Schottky emission 
In Schottky emission, current density has dependency on both E (the electric field) and  
𝑇 (temperature). At a constant temperature, ln(𝐽) ∝ 𝐸1/2 is a straight line (Lim & Ismail 
2015). Owing to the fact, that Schottky emission is the conducting mechanism, limited 
by the electrode, the current- voltage characteristics of the memory cell with different 
electrode material tend to be asymmetric, which can be employed for differentiating the 
Schottky emission from other mechanisms, limited by the bulk properties (Lim & Ismail 
2015).  
A sufficient linear relationship in the plot of 𝑙𝑛(𝐽) and √𝑉 indicates that the Schottky 
emission in Al/VOx/Cu dominates as a conduction mechanism on highly resistive states. 
However, on low resistive states, the ohmic conduction is supposed to be dominant 









] (Lim & Ismail 2015). 
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The derivation for plotting is made below. 





































































































4𝜋𝜀⏟      
𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡⏟      
𝐶
∙ √𝐸 
ln 𝐽 = 𝐵 + 𝐶 ∙ √𝐸 
In the equation, 𝐴∗, J, 𝑚∗, 𝑚0 , 𝑇, 𝑘 are the effective Richardson constant, current den-
sity,  the effective electron mass , as well as  free electron mass, the absolute temperature, 
and Boltzmann’s constant,  respectively. In addition, 𝑞 ∙ 𝜙𝐵, 𝑞, E, ℎ, 𝜀0, 𝜀 are the Schottky 
barrier height,  the electronic charge, the electric field,  Planck’s constant, as well as the 
vacuum permittivity, and the dynamic dielectric constant, correspondently (Lim & Ismail 
2015). 
2.5.3 Poole- Frenkel   Emission 
The conduction mechanism dominated by Poole-Frenkel emission should have the 
linear fit if the current-voltage characteristic is drawn using ln(𝐽/𝐸)  𝑣𝑠. (𝐸1/2/𝑇) scale, 
based   on the equation  𝐽𝑃𝐹 = 𝑞 ∙ 𝜇 ∙ 𝑁𝐶 ∙ 𝐸 ∙ exp [
−𝑞(𝜙𝑇−√𝑞𝐸/𝜋𝜀
𝑘𝑇
] (Lim & Ismail 2015).  
The derivation for the plotting  
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Usually, the linear relationship in the ln(𝐽/𝐸)  𝑣𝑠. (𝐸1/2/𝑇)plot identifies the P-F emis-
sion. The extra fitting of the temperature dependency in the plot ln
𝐽
𝑇2
 ∝ 1/𝑇  as well as 
the current-voltage-characteristics can help to differentiate the Poole-Frenkel from the 
Schottky emission (Lim & Ismail 2015). 
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3. THE RESULTS AND ANALYSIS  
 
The research methodology, as well as overall results of the materials characterization by 
the SEM, EDX, XRR, and XRD, are introduced in Appendix 4.  Additionally, the general 
information of the fabrication of the ECM memory cell can be found in Appendix 3. The 
description and comparison of the relevant statistics methods such as the exploratory data 
analysis (EDA) and analysis of variance (ANOVA) are introduced in Appendix 5. 
 
3.1 Structural and morphological characterization 
Here, only the summarized results of XRR analysis are presented. The focus is on the 
existing trends and variability of the results. 
3.1.1 XRR 
Figure 2 presents the deposition rates of the TD0 and TD1 targets drawn versus the RF 
power. Since the fitted straight lines have different slopes, the deposition rate of the doped 
TD1 target is higher than for the undoped TD0 target. In addition, the linear correlation 
between the deposition rate and the power is shown: the higher the RF power, the higher 
the deposition rate. Moreover, the deposition rate relates in a straightforward manner to 






Figure 2. The comparison of the deposition rates of the samples sputtered using the TD0 
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Power vs. Deposition Rate




In Figure 3, the deposition rate of TD0 and TD2 targets is shown as a function of temper-
ature.  The results suggest that there are no essential differences between the behaviors of 
these two targets except for the slight deviation from a straight line. The deposition rate 
is almost independent of the deposition temperature in the range between RT to 300C. 
 
 
Figure 3. The comparison of the deposition rate of the samples sputtered using the TD0 
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Figure 4 compares the thickness of the samples sputtered using the TD0 and TD2 targets. 
The numerical values are obtained by extracting data from simulated curves, which are 
fitted to the real XRR measurements. The results are arranged according to the used target 
and temperature. With some scattering of the results, the thickness changes a little when 
the temperature increases.   
 
 
Figure 4. The thickness of the samples deposited using the TD0 and TD2 targets obtained 








In Figure 5, the densities obtained from the XRR curves fitting for the TD0 and TD2 
targets are compared. If one excludes the maximum values for TD0 and TD2 2,36g/cm3 
and 2,54g/cm3, there are no large differences in the fitted densities for the Al2O3 sub-
strate.  
 
Figure 5. The density of the samples deposited using the TD0 and TD2 targets obtained 
by the fitting of the measured curves 
 
In Figure 6, the roughness of the samples deposited with the TD0 and TD2 targets is 
compared. Unlike the thickness and the density, the roughness of the samples is sensitive 
to the deposition temperature. The higher the deposition temperature, the lower the rough-
ness is. Additionally, the TiN and Al2O3 substrates show a different level of roughness 




Figure 6. The roughness of the samples deposited using the TD0 and TD2 targets ob-
tained by the fitting of the measured curves 
 
3.2 Electrical characterization 
Preface. For initiating the resistive switching in the ECM and VCM memory cells, the 
electroforming stage is usually needed. This means that the positive or sometimes nega-
tive bias applies to the insulating oxide. Typically, the switching voltage is much less than 
the electroforming voltage. During the electroforming, the conductive filament or con-
ductive path is supposed to be created inside the insulating layer depending on the type 
of  memory cells.  In some cases, the doping with Cu, for example, can eliminate the need 
for the electroforming (Liu et al. 2009).  
The electroforming was reported being linearly dependent on the thickness between 4nm 
and 22nm. It was proposed that both the electroforming and switching depend on the 
valence state and ion diameter. Additionally, increase in density causes increase in elec-
troforming voltage in thin films. The choice of the material for the bottom electrode did 
not have an impact on the switching behavior (Schindler 2009).   
Effect of doping.  The insulators can be defined as wide gap semiconductors. The aim of 
the addition of doping elements is to modify the optical, electrical, or electronic properties 
of materials suitable for the specific application.  
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The resistive switching in ReRAMs, however, introduces the contradictive requirement 
for the used material. For example, in the OFF state, the material must be resistive 
whereas ,in the ON state,  it must be conductive.  The ON state has usually ohmic behavior 
if the metallic filament or dendrites connect the opposite electrodes in the ECM cell.  
At first approximation, the ON and OFF states depend on a level of applied current com-
pliance. However, the history of the thermal treatment with a consequent degree of 
crystallization, as well as other fabrication conditions, affects directly the OFF resistance 
of the amorphous oxide. The amorphous and crystalline phases of the same material usu-
ally have different conductivity while the crystalline phase is more conductive than a 
resistive amorphous phase. This is exploited in the TCM memory cells, for example.  The 
OFF state in the oxides can be considered dependent on the degree of the oxidation and 
stoichiometry of oxide.  
The attempts to improve the resistive OFF or the conductive ON state immediately affect 
the ON or OFF state.   
The resistivity 𝜌 of the materials with ohmic type of conduction such as metal is constant 









In addition, 𝑅 = 𝑅𝑟𝑒𝑓[1 + 𝛼(𝑇 − 𝑇𝑟𝑒𝑓)], where 𝑅𝑟𝑒𝑓 and 𝑇𝑟𝑒𝑓 are usually given at 20C,  
𝛼 is the temperature coefficient. The temperature coefficient 𝛼 is positive for the metals 
and negative for the semiconductors. It means that the resistance of the metals increases, 
when temperature increases. However, the resistance of the semiconductors decreases, 
when temperature increases.  
The introduction of the transition metal ions as the metallic phase into the host oxide 
matrices is considered as an extrinsic method for modifying the conductivity of the oxide. 
In this case, the assumption is made that SiO2, for example, is completely passive and 
does not participate in the resistive switching.  
The choice of the fabrication techniques depends on the desired position of the doping 
elements inside the host material. The form in which the dopant elements should be in-
troduced and the ultimate function of the dopant depend on the application. 
A classic example of the fabrication technique is the doping of Si by the ion implantation. 
The high energetic ions are shot through the layer of the amorphous SiO2 to ensure the 
random distribution of the dopant inside the crystalline Si. Following this, annealing of 
the Si wafer at approximately 1100C is done to ensure that ions replace the Si in the host 
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Si network and the damage is recovered during the recrystallization (Williams & Poate 
2014).  
The replacing of Si in SiO2 can be made using the chemical elements from group III or 
V of the periodic table.   The use of aliovalent dopants from group III in place of Si in the 
amorphous SiO2 creates the oxygen vacancies 𝑋2𝑂3 ⇒ 2𝑋𝑆𝑖
′ + 3𝑂𝑂
x + 𝑉𝑂
⦁⦁, where X is 
any element of group III. Typically, the transition metal ions are not considered to replace 
Si in SiO2. However, the formation of the structure of the transition metal silicate or even 
silicide is theoretically possible depending on the fabrication conditions.  The introduc-
tion of the transition metal ions to the host SiO2 is usually considered as the introduction 
of the metallic phase. Nevertheless, the oxidation during the fabrication of the originally 
metallic phase is also reported.  
Effect of thickness. First, the increase in the electroforming voltage with the increase in 
thickness was observed only in the part of the samples deposited on the platinum sub-
strate.    This can relate to the missing data due to zero yield because that part of samples 
was not possible to electroform due to the high conductivity. The large ohmic conductiv-
ity after applying the positive bias means that memory cell conducts but does not switch 
with the hysteresis. 
Second, the part of the samples deposited on the platinum substrate was electroformed at 
a very high average voltage of 14-16V, which means that the samples were originally 
very resistive. The high electroforming voltage creates a very strong metallic filament, 
which cannot easily be dissolved after the application of negative bias. 
Third, the samples deposited on the TiN substrate show completely different electroform-
ing behavior with the increase of electroforming voltage between 5nm and 20nm and a 
decrease of it with an increase in layer thickness between 20nm and 50nm.The same trend 
was observed for both sizes of the memory cells deposited on the TiN substrate.    
The observed trends relating to the dependence of the electroforming voltage on the thick-
ness can be observed just by chance. However, the reasonable explanation can be made 
based on the materials’ properties and the history of the thermal treatment. It will be ex-
plained in more detail in the next section.  
Effect of the substrate.  Sometimes, the doped samples exhibited a high level of the elec-
troforming voltage. It can indicate that there were not enough doping elements or the 
distribution of the dopants was not homogeneous.  
Based on the electroforming data for samples deposited on the TiN substrate, the change 
of substrate had a more pronounced effect than expected effect due to adding of doping 
element.  This effect related to change of deposition substrate was attributed to differences 
in morphology, nanostructure, and conductivity of substrate as shown in more details in 
Appendix 4.  
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Preface.  The ECM memory cell is typically defined as a device, where the switching of 
resistance occurs to be due to both creation as well as dissolution of the metallic filament 
or dendrites inside the passive insulator. After the application of positive voltage, Cu or 
Ag from the active electrode dissolves or oxidizes.  Then, after application of the electric 
field, the cations would move towards the opposite electrode where the ions are reduced. 
The reduced cations form the metallic filament, which grows towards the cathode from 
the anode. The ECM memory cells switch to the ON state when the metallic filament 
connects the opposite electrodes.  The switching to the OFF state occurs after applying 
the negative bias to the active electrode. There, metallic filaments dissolve and the ECM 
cell makes the transition to the OFF state. The assumption is that in this type of memory 
cells, the insulator, for example, SiO2, does not participate in switching. The ECM usu-
ally uses asymmetric, mostly, metallic electrodes. As the passive insulator in the ECM, 
the SiO2 and the other chalcogenide glasses are usually used.  
In VCM cells, the mobility of the oxygen vacancies is higher than that of the metallic 
cations. Moreover, these oxygen vacancies are assumed to be responsible for resistive 
switching in VCM cell, where they create a conductive path in the ON state.  However, 
the impact of metallic cations on the overall conductivity is not negligible (Wedig et al. 
2016).   The VCM cell can use the same or different electrodes. The active material layers 
in the VCM memory cells are usually the high-k materials such as TiO2, Ta2O5, and 
ZrO2. In principle, the actual differences between ECM and VCM memory cells, in ad-
dition to using the less dissolvable active electrode, lies on the differences in the dielectric 
constant or relative permittivity of the insulators. However, the exact nature of the con-
ductive path in VCM or the filament in ECM memory cells is still under discussion.   
Moreover, there are a lot of modifications of the ECM and VCM memory cells, which 
cannot be straightforwardly defined as of the certain types. For example, the different 
metallic and non-metallic conductive electrodes are also implemented. Some of the non-
metallic electrodes such as TiN can be used as the bottom or top electrodes as well as 
polysilicon. The doped polysilicon instead of metallic electrodes can be used not only for 
amorphous silicon ReRAMs but also for SiOx based memory cells with symmetric or 
even asymmetric structure of the memory stacks. Furthermore, the sputtered SiO2- based 
memory cells are more likely to have the SiOx rather than the stoichiometric SiO2 struc-
ture.  In addition, the evolution of the oxygen during the switching of the SiOx- based 
memory cells implies that Si nanocrystals or Si-rich regions in SiOx can exist in the sili-
con dioxide memory cells. Therefore, strictly speaking, the assumption behind the ECM 
memory cells that SiO2 or SiOx would be passive during the switching and only the 
cations without any exceptions can have an impact on overall conductivity in the memory 
cells is not completely justified.  If the SiO2 can participate in the resistive switching, 
then there are even fewer differences between ECM and VCM memory cells. Recently, 
it was reported that the cations participate in the overall conductivity of the VCM cells 
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because the overall conductivity is usually higher when it is only due to the movements 
of the oxygen vacancies.  
The switching tests. The tests for the switching of the memory cells were intended to find 
if the doped samples can be switched or not with any kind of hysteresis. The purpose was 
not to find optimal switching condition for each target or each memory cell, but only to 
compare the doped and pure SiO2 memory cells.  
First, the memory cell cannot switch, if it cannot be electroformed. In this case, for ex-
ample, the cell is short-circuited immediately after applying voltage. It means that the 
OFF or resistive state is not well defined therefore allowing the memory cell to conduct.  
The conductive path can be unintentionally created during fabrication. Assuming the 
doped ECM memory cell already has a conductive path or metallic filament after fabri-
cation, first negative bias can be employed for the dissolution of the metallic filament. 
This method can be a success only if disconnecting of the opposite electrode is possible 
and that the metallic filament is not too strong.   
In addition, the ECM memory cell usually cannot switch if the electroforming is made 
with very high voltage. Typically, such behavior was seen in the samples deposited on 
the platinum substrate. Such memory cells do not switch because the filament or the con-
ductive path created was too strong.  In addition, sometimes, the cell can stick on either 
the ON or OFF state, after which the repetitive switching is not possible.  In addition, if 
the OFF/ON ratio is very low, then the ON and OFF states will be difficult to separate 
from each other. Therefore, for successful switching, many conditions need to be met. 
The testing techniques. There were a lot of difficulties with the electrical characterization 
of the ECM cell. First, this type of cell was tested in the laboratory many years ago. Sec-
ond, the memory cells were fabricated using completely different techniques or more 
powerful deposition tools. Third, the doping of amorphous oxides had not been tested 
before in this laboratory. Additionally, the tool for analysis in nanoscales was not availa-
ble. Different processing equipment usually create different structures of the layer, which 
makes it difficult to compare with already published results. 
In addition, it was known that the behavior of the ECM cell is very unstable, varying, and 
difficult to control. Unlike ECM, the VCM usually has the repetitive and more stable 
switching behavior.   
It was reported previously that electroforming is needed for the pure samples. For a Cu-
doped sample, strong electroforming is not usually required. However, the exact concen-
tration of doping elements is not always revealed, therefore it was difficult to make the 





Table 1 shows the overview of samples tested for the electroforming. Altogether, 20 sam-
ples and 708 cells were studied. The variable parameters were 
 the layer thickness between 5nm and 50nm,  
 the cell sizes: 50µmx50µm and 100µmx100µm,  
 the used targets: TD0, TD1, TD2, 
 the substrates: platinum and TiN, 
 the limiting current compliance between 10-14 A and 1A, 
 the voltage from -20V to +20V. 
 




Substrates TiN 5 20 180 708 
Pt 15 528 
Targets TD0 4 20 132 708 
TD1 11 411 
TD2 5 165 
   20 samples  708 
cells 
Table 1. The overview of samples tested for the electroforming   
The additional figures related to electroforming with the explanations introduced in Ap-
pendix 6. 
Next, the electroforming data were analyzed for each target separately.  
3.2.1.1 Electroforming of the samples deposited using the TD0 target 
3.2.1.1.1 Platinum substrate 
 
The aim of the electroforming tests for the samples deposited using the TD0 target was 
to obtain the reference data for the comparison with the doped samples deposited using 
the TD1 and TD2 targets.  
Figure 7 shows an example of the electroforming curve of the 5nm-thick samples de-
posited using the TD0 target on the Pt substrate at 100C. 
Figure 8  and Figure 9 show the overview of the electroforming data for both cells sizes 
of samples deposited using the TD0 target on the Pt substrate. Figure 10 shows the cor-
responding yield of the data of the samples shown in Figure 8 and Figure 9.  
40 
 
Figure 7. The I-V curve of the 5nm-thick sample deposited using the TD0 target on the 
Pt substrate at 100C, electroformed with 3V and the current compliance of 10-8 A. 
 
Figure 8.  The overview of the electroforming data for the cell size of 100µmx100µm for 





































Figure 9. The overview of the electroforming data for the cell size of 100µmx100µm for 
samples deposited using the TD0 target on Pt substrate 
 
 
Figure 10. The yield % of the electroforming data of the samples deposited using the TD0 
target on platinum substrate 
Summary.  Despite the significant efforts and used time, it was impossible to obtain 
enough reference data for the samples deposited using the TD0 target on the platinum 
substrate. It can be seen that the electroforming yield of the samples is extremely low, 


























































there is a lot of missing data. Many cells simply failed the electroforming test, because 
they were too conductive directly after applying the voltage bias.   
In addition, the rest of the obtained data shows rather the large and non-uniform standard 
deviation indicating that the data is not normally distributed. It means that the average 
and standard deviation would describe the obtained data badly. Moreover, the non-normal 
distribution of data accompanied with low yield indicates that the comparison of data with 
other samples would be difficult. As can be seen in Appendix 6, the attempt to display 
data using median with helps of box plots did not reveal obvious trends as a result of 
specific treatment or parameter.  
Figure 34 shows the overview of the electroforming data of samples deposited using the 
TD0 target on the TiN substrate. The corresponding yield of this data can be seen in Fig-
ure 12. 
 
Figure 11. The overview of the electroforming data of the samples deposited using the 



































Figure 12. The yield % of the electroforming data of the samples deposited using the TD0 
target on the TiN substrate 
Summary. The electroforming yield of the 20 nm- and 50nm –thick specimens sputtered 
on the TiN substrate is higher than for the specimens deposited using the same target on 
the platinum substrate. However, a direct comparison of the samples deposited on the 
platinum and TiN substrates is not possible because the 50nm-thick sample on the 
platinum substrate cannot be fabricated due to the malfunction of the sputtering device.  
In addition, the 20nm- thick sample deposited on the Pt substrate has only data for 
50µmx50µm size. Nevertheless, the comparison of the cells with a size of 100µmx100µm 
indicated that the electroforming yield was higher for the samples on the TiN substrate 
(39% vs. 61%).  
In addition, the observed trend of increase in electroforming voltage with the thickness 
of the samples needs to be ignored due to the fact that standard deviation is too high. 
Moreover, the data is not clustered near the average value and therefore the data is not 
normally distributed. Moreover, the standard deviation for 50 nm-thick cells is higher 
than the average; therefore, the data is non-normally distributed.  
 
3.2.1.2 Electroforming of samples deposited using the TD1 target 
 
Figure 13 shows the electroforming curve of the 50nm-thick SiO2’s layer deposited using 



























1V with the current compliance of 10-6A. In addition, the memory cell was already OFF 
at 0,1V.  This cell shows the unipolar behavior, which seems to be different than that in 
the PCM or TCM unipolar memory cells due to the absence of the large current.   
Figure 14 shows the electroforming curve of the 30nm-thick SiO2 layer deposited using 
the TD1 target on the TiN substrate at 150C. The memory cell was electroformed at 9V 
with the current compliance of 10-6A. However, the memory cell shows the filament in-
stability in the middle and at the end of the current-voltage curve. This also means that 
the memory cell is OFF at the end of the cycle again. Such behavior resembles the uni-
polar type of switching, however without using the extreme parameters.  In addition, the 
transition from the OFF to ON state in a resistance-voltage curve in Figure 14 is not ab-
rupt. On the logarithmic scale, this resembles the straight line indicating the current and 
voltage to have the near exponential dependence from each other.  
 
 
Figure 13. The I-V and R-V curves of the 50nm-thick layer of SiO2 deposited using the 
TD1 target on the TiN substrate at 100C during the electroforming 
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Figure 14. The electroforming curve of the 30nm-thick SiO2 layer deposited using the 
TD1 target on the TiN substrate at 150C. 
Figure 15 and  
Figure 16 shows the overview of the electroforming data for the samples deposited using 
the TD1 target on the TiN substrate. The corresponding yield in Figure 17 except for the 
5nm sample was relatively high. In addition, the electroforming voltage is proportional 
to the sample thickness between 5nm and 20nm. However, the trend was surprisingly 
opposite between 20nm and 50nm. Both cell sizes showed the same trend with good over-
all yield.  
 
Figure 15. The overview of the electroforming data for the cell size of 100µmx100µm for 
the samples deposited using the TD1 target on the TiN substrate 
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Figure 16. The overview of the electroforming data for the cell size of 50µmx50µm for 
the samples deposited using the TD1 target on the TiN substrate 
 
Figure 17. The yield % of the electroforming data of the samples deposited using the TD1 
target on the TiN substrate 
 Summary. The electroforming yield for sample deposited using the TD1 target on the 
TIN substrate is relatively high except for the 5nm-thick sample. For the data to be nor-
mally distributed the size of standard deviation needs to be 1 sigma or in the order of 
34.1%. However, the calculated standard deviation of the overall data seemed to be dis-










































































average value. This fact indicated that the data was rather distorted, scattered and obvi-
ously not clustered around an average value.  
3.2.1.3 Electroforming of the samples deposited using the TD2 target 
 
Figure 18 shows the electroforming curve of the sample deposited using a TD2 target on 
the TiN substrate at 7V with the current compliance of 10-6A. The shape of the curve 
indicates the clear metallic type of behavior with a sharp change of resistance from OFF 













Figure 18. The I-V and R-V curves of the 30nm-thick layer of SiO2 deposited using the 
TD2 target on the TiN substrate at 150C during the electroforming 
Figure 19 and Figure 20 show the overview of the electroforming data for the samples 
deposited using a TD2 target on the platinum substrate. The corresponding yield is shown 
in Figure 21. Again, some cells were too conductive and therefore they could not be elec-
troformed which can be seen from the zero yield.     



































Figure 19. The overview of the electroforming data for the cell size of 100µmx100µm for 
the samples deposited using the TD2 target on platinum substrate 
 
Figure 20. The overview of the electroforming data for the cell size of 50µmx50µm for 












































































Figure 21. The yield % of the electroforming data of the samples deposited using the 
TD2-target on the platinum substrate 
Summary. Again, there was a lot of missing data and the overall yield was low even for 
the 50nm-thick layer. The size of the standard deviation indicated that it was much lower 
or higher than 34.1% in comparison to the calculated average which indicated that the 
obtained data was not normally distributed.  
3.2.1.4 The Interpretation of the experimental results for the electroforming 
and the effect of the doping 
 
The aim of the electrical and materials characterization was to make the comparison of 
the doped and samples without the doping elements. However, as it can be seen from the 
analysis of the electroforming data, it is extremely difficult to make consistent conclu-
sions.  
First, the low yield of the samples deposited using the TD0 target and TD2 target indi-
cated that, unfortunately, the samples deposited by these targets were too conductive im-
mediately after applying the bias. Because these samples were conductive, the samples 
could not be electroformed due to the absence of the high resistive state at the beginning 
of the tests. 
 Second, the obtained data was not normally distributed and much data was missing.   
Therefore, the comparison of the average values as a result of certain treatment cannot be 
directly made. However, some pattern can be found provided that the  missing data itself 





























 Generally, the expectation is that the electroforming voltage should increase with the 
thickness. However, the comparison of the average of the non-normally distributed data 
shows a mixed trend, an opposite trend or lack of any trend based on the thickness of the 
deposited layer. It is also possible, that if the size of the data increases, the distribution of 
some parameters can approach normality, but this method was not applicable due to the 
limitation of the available time and materials for the testing. Additionally, the increase in 
the number of tested cells for samples deposited on the Pt substrate did not increase the 
amount of successful data.  
Third, the drawing of the above-mentioned data as the box plots in Appendix 6 (Figure1-
Figure 12) using the median instead of the mean value also did not help. The data scatters 
much. The comparison according to the median does not reveal any obvious trends with 
regards to the thickness or the used targets.  
Fourth, the testing or processing parameters, which were used, were not random. Also, 
the data was distributed non-normally. Therefore, the direct testing of the statistic hypoth-
esis cannot be applied either.  
Fifth, the obtained data is rather scattered and has large variability both using the mean 
or median value.   
3.2.2 I-V characteristics 
The part of the current-voltage characteristics is shown in chapter 3.2.2 ’The I-V charac-
teristics’. However, the additional figures are introduced for all three targets in Appendix 
7. 
3.2.2.1 The undoped TD0 target 
 
Table 2 shows the overview of the samples deposited using the TD0 target with the cor-
responding sputtering parameters, which were tested for the switching. Two samples were 
deposited on the TiN substrate with the rest of the samples sputtered on Pt substrate.  
Sample Substrate Target Power Temperature Thickness I-V curves 
145-IS Pt TD0 150 100 5 38 
148-IS Pt TD0 150 100 10 96 
158-IS Pt TD0 150 100 20 165 
159-IS Pt TD0 150 100 30 91 
236-IS TiN TD0 150 150 30 278 
245-IS Pt TD0 150 150 30 103 
246-IS Pt TD0 150 RT 30 100 
249-IS TiN TD0 150 RT 30 131 
Table 2. Overview of samples deposited using TDO target at different parameters 
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Figure 22 and Figure 23 show two extreme examples of the current-voltage characteristics 
of the 30-nm-thick sample deposited using the TD0 target on the platinum substrate at 
100C. The first memory cell switched with the current compliance of 10-5A and the sym-
metric voltage bias illustrated the threshold-like behavior. The second memory cell with 
asymmetric voltage bias and the current compliance of 10-4A showed the metallic type of 
switching behavior.  
The first curve in Figure 22 exhibits the OFF state between -0.2V and +0,2V and was 
symmetrically biased. This switching behavior can be classified as the unipolar type with 
a full ON-OFF cycle on the same voltage polarities. Because the horizontal straight line 
corresponding to current compliance are drawn in the plot, both the positive and negative 
sides of the curves follow the limitation set by the current compliance. 
The second cell in Figure 23 was asymmetrically biased and showed the behavior typi-
cally expected in the ECM memories, which corresponds to the bipolar type of switching. 
The filament created at the positive bias conducts ohmically connecting the opposite elec-
trodes.  At the negative bias, the metallic filament is usually assumed to undergo electro-
chemical dissolution.  The cell at the negative bias does not usually follow the level of 
the negative current compliance because the horizontal line of the current compliance is 
missing. This type of asymmetric curves can be obtained with the symmetrical voltage 












Figure 22. The current-voltage characteristics of the 30-nm-thick sample deposited using 
the TD0 target on the platinum substrate at 100C and biased with 10-5A and +1V/-1V. 
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Figure 23. The current- voltage characteristics of the 30-nm-thick sample deposited us-
ing the TD0 target on the platinum substrate at 100C and biased with 10-4A of the current 
compliance 
 
Figure 24 displays the I-V and R-V characteristics corresponding to the memory cell de-
posited on the platinum substrate at 150C with the threshold-like behavior and biased 
with the current compliance of 0.01A. The same cells are then biased with the current 
compliance of 0.1A in Figure 25 and 0.001A in Figure 26. The behavior of the memory 
cell together with the shape of the current-voltage curves is current controlled. The 
transition from the quadratic to the triangular shape of the curves is induced by the 
increase in current compliance from 0.01A to 0.1A. On the other hand, the decreasing of 
the current compliance from 0.01A to 0.001A causes the disappearing of the hysteresis. 
The corresponding resistance is constant and has the ohmic type of conduction.  
In addition, the memory cell in Figure 25 did not follow the limiting current compliance 
of 0.1A, because the horizontal line of the current compliance was missing. The triangular 
shape of the current-voltage characteristics was attributed to the fact that the actual cur-
















Figure 24.The I-V and R-V curves related to the memory cell deposited on the platinum 
substrate at 150C with the threshold-like behavior and biased with the current compli-
ance of 10-2A and symmetric +1V/-1Vvoltage bias 
 
Figure 25. The I-V and R-V curves of the memory cell deposited on the platinum substrate 














Figure 26. The I-V and R-V curves of the memory cell deposited on the platinum substrate 
at 150C with the threshold-like behavior and biased with the current compliance of 1mA  
Figure 27 displays the I-V and R-V curves of the memory cell deposited on the platinum 
substrate at 150C with the threshold-like behavior and biased with the current compliance 
of 1mA. This cell from the same 245-IS sample does not show the threshold type of 
switching. Altogether, there were only a few times with such type of curves. All other 
curves exhibited the threshold-type of switching behavior. 
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Figure 27. The I-V and R-V characteristics related to the memory cell deposited on the 
platinum substrate at 150C biased with the current compliance of 1mA and the voltage 
of+1.5V/-1.5V.  
Two samples (245-IS and 246-IS) deposited on the platinum substrate showed the thresh-
old-like behavior only. However, in two or three instances they showed the memory type 
of switching as shown in Figure 27. In addition, the samples N245-IS and 246-IS were 
tested at the different levels of the current compliance from 10-9A to 0.01A. All the 
memory cells that were tested were short-circuited in all possible combination of the cur-
rent except for 0.001A.  Both samples showed quite similar behavior and started to switch 
only at the current compliance between 0.1A and 0.01A.  Without any exceptions, the 
memory cells, which showed the threshold-like switching, made the transition from the 
triangular shape to the quadratic shape, when current compliance changed from 0.1A to 
0.01A. However, the memory switch was closed at 0.001A again. All these changes were 
reversible and repeatable in any order of the testing for both 245-IS and 246-IS samples. 
The increasing of the symmetric voltage bias caused the change in the a size of the OFF 
region in the curve.  All tested samples with this type of threshold behavior switched only 




3.2.2.2 The TD1 target doped with one doping element 
 
Table 3 shows the overview of the samples deposited using a TD1 target with the corre-
sponding sputtering parameters. Most samples deposited using the TD1 target were sput-
tered on the TiN substrate.  
Sample Substrate Target Power Temperature Thickness I-V curves 
192-IS Pt TD1 150 100 50 39 
204-IS TiN TD1 150 100 5 140 
205-IS TiN TD1 150 100 10 28 
206-IS TiN TD1 150 100 20 117 
207-IS TiN TD1 150 100 30 217 
208-IS TiN TD1 150 100 50 307 
215-IS Pt TD1 150 RT 30 69 
218-IS Pt TD1 150 150 30 59 
226-IS TiN TD1 150 RT 30 23 
229-IS TiN TD1 150 150 30 57 
 
Table 3. The overview of the samples deposited using the TD1 target at the different pa-
rameters 
Figure 28 shows the I-V curve of the 30-nm-thick sample deposited using the TD1 target 
on the TiN substrate and biased with the current compliance of 10−4A on the positive 
side and of 4 ∙ 10−5A on the negative side with the corresponding voltage +0.6V/-0.6V. 
This type of curve with the bipolar switching behavior is usually expected in the ECM 
memory cells. However, the cell again does not follow the current compliance limitation 
on the negative side because of the missing horizontal line. In addition, the voltage bias 
was symmetric. 
Figure 29 shows the same sample as in Figure 28 biased with the positive current com-
pliance of   2 ∙ 10−4𝐴 and the negative current compliance of 0.5 ∙ 10−4𝐴  with the volt-
age +0.8V/-0.6V. The negative side of the curve  does not follow the limitation of the 
current compliance again. In practice, the cell switches OFF immediately after the transi-
tion from the positive to the negative side at 0.05V with the approximate current of 0.1 ∙
10−4𝐴. Such behavior can indicate the degradation of the bipolarity and transition to the 




Figure 28. The current- voltage characteristics of the 30-nm-thick sample deposited us-
ing the TD1 target on the TiN substrate at 100C and biased with the positive current 
compliance of 10-4A and the negative compliance of 4∙10-5A at the voltage +0.6V/-0.6V 
 
Figure 29. The current- voltage characteristics of the 30-nm-thick sample deposited us-
ing the TD1 target on the TiN substrate at 100C and biased with the positive current 






Figure 30 displays the current-voltage curve of the 30-nm-thick sample deposited using 
the TD1 target on the TiN substrate at 100C and biased with the negative current compli-
ance of 2.5 ∙ 10−5A at the voltage 0V/-0.8V. Sometimes, the cell was conductive imme-
diately after the application of the positive bias. Therefore, it was suggested that if the 
conductive path or metallic filament were already created during the fabrication, then 
testing with the negative bias would help first to dissolve it, for example, before the ap-
plication of the positive bias.  
However, the assumption is usually made that the metallic filament in the ECM cells 
should dissolve completely under negative bias in order to disconnect the opposite elec-
trodes. This would demonstrate the bipolar type of switching and the corresponding 
ohmic behavior of the conducting filament. In Figure 30, however, the memory cell stops 
exhibiting the ohmic behavior after 0.08V. The filament partly dissolved. Therefore, the 
opposite electrodes remained connected, continued to conduct, however, completely non-
ohmically. The conduction mode was probably of the semiconductive type with the 
exponential dependency of the current and voltage. 
 
 
Figure 30. The current- voltage characteristics of the 30-nm-thick sample deposited us-
ing the TD1 target on the TiN substrate at 100C and biased with the negative current 






3.2.2.3 The TD2 target doped with two doping elements 
 
Table 4 shows the overview of the samples deposited using a TD2 target at the different 
sputtering parameters. Almost all samples were deposited on the platinum substrates. 
Only two samples sputtered on the TiN substrate were fabricated for the comparison with 
the samples deposited on the platinum substrate at RT and 150C. The reason was that the 
samples with TiN were much more expensive than the samples on the platinum substrates. 
Moreover, all free samples with the TiN substrate were already consumed during the tests 
with the TD1 target. Furthermore, before the testing, the assumption was that the bottom 
electrode was inert and did not participate in the switching.  Therefore it was not expected 
for there to be any differences in results due to usage of different substrates. In IWE2, the 
samples with TiN were used only for the ferroelectric memory applications. The samples 
with platinum substrates were frequently used for the fabrication of VCM memory cells 
based on the transition metal oxides, however, with considerably lower sputtering power.  
Sample Substrate Target Power Temperature Thickness I-V curves 
118-IS Pt TD2 150 100 20 435 
146-IS Pt TD2 150 100 5 308 
147-IS Pt TD2 150 100 10 32 
150-IS Pt TD2 150 100 20 43 
152-IS Pt TD2 150 100 30 13 
164-IS Pt TD2 150 100 50 137 
216-IS Pt TD2 150 RT 30 53 
217-IS Pt TD2 150 150 30 50 
227-IS TiN TD2 150 RT 30 72 
230-IS TiN TD2 150 150 30 48 
 
Table 4. The overview of the samples deposited using the TD2 target at different sputter-
ing parameters 
However, it was previously already noted that the samples deposited on the platinum 
substrate in comparison to those on the TiN substrate were very conductive during the 
electroforming tests. Additionally, there was a lot of missing data due to zero electro-
forming yield. The situation was quite the same with all samples deposited using the TD2 
target, which had quite a few cells switched with hysteresis. 
Figure 31 shows the current-voltage characteristics of the 50-nm-thick sample deposited 
using the TD2 target on the Pt substrate at 100C and biased with the positive and negative 
current compliance of 𝟏𝟎−𝟔𝑨 at voltage +3/-5V. The cell shows the bipolar type of 
switching with the filament (can be metallic or not). The curve had almost a symmetric 
shape, which was achieved by the increasing of the overvoltage on the negative side.    
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Figure 32 displays the current-voltage characteristics of the same sample as in Figure 31  
with nearly the same bias, however with a completely different switching behavior. The 
cell is electroformed on both sides. The cell is OFF near zero and it electroforms again 
on the negative side. 
 
Figure 31. The current-voltage characteristics of the 50-nm-thick sample deposited using 
the TD2 target on the Pt substrate at 100C and biased with the positive and negative 
current compliance of 10-6A at the voltage +3/-5V. 
 
Figure 32. The current- voltage characteristics of the 50-nm-thick sample deposited us-
ing the TD2 target on the platinum substrate at 100C and biased with the positive and 






3.2.3 The R-V characteristics 
The resistance-voltage characteristics of the samples deposited using the TD0, TD1, and 
TD2 targets are represented in Appendix 8.  
3.2.4 The threshold switching 
The additional figures relating to the threshold switching behavior is shown in Appendix 
9.  
3.2.4.1 The room temperature 
3.2.4.1.1 The I-V curves  
Figure 33, Figure 34 and Figure 35 show the I-V curves having the threshold-like switch-
ing behavior for the samples deposited using the TD0 target. The shape of the curves 
varies from the triangle-like to the more quadratic shape. The memory cell does not fol-
low the limitation of the current compliance because the corresponding horizontal line is 
missing. However, the quadratic shaped current-voltages characteristics of the samples 
deposited using the TD0 target on the platinum substrate at RT displays the horizontal 













Figure 33. The ZY view of I-V curves of the samples deposited using the TD0 target on 
the platinum substrate at RT showing the threshold-like switching behavior 
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Figure 34. The ZY view of the I-V curves of the samples deposited using the TD0 target 
on the platinum substrate at RT showing the threshold-like switching behavior 
Figure 35 shows the last part of the current-voltage characteristics of the samples depos-
ited using the TD0 target on the platinum substrate at RT showing the threshold-like 
switching behavior. The memory cells do not follow the limitation of the current compli-
ance on both the negative and positive sides. In addition, there is instability of the filament 
on the positive side due to the observed distortion in I-V curves. 
 
Figure 35. The ZY view of the I-V curves of the samples deposited using the TD0 target 
on the platinum substrate at RT showing the threshold-like switching behavior 
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3.2.4.1.2 The Schottky emission 
 
Figure 36 shows the ZY view for the fitting of the 100 curves for the identification of the 
Schottky emission as a conduction mechanism.   
 
 
Figure 36.  The test for the Schottky emission: the ZY view of log(J)-sqrt(E) of the sample 
deposited on the platinum substrate at RT  
 
3.2.4.1.3 The Frenkel-Poole emission 
 
Figure 37 shows the ZY view of the data fitting of 100 curves for the identification of the 
Frenkel-Poole emission as the conduction mechanism. 
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Figure 37. The test for the Frenkel-Poole emission: the ZY view of log(J)-sqrt(E) of the 
sample deposited on the platinum substrate at RT 
 
3.2.4.2 150C 
3.2.4.2.1 The I-V curves 
 
Figure 38 and Figure 39 show a ZY view of the 103 current-voltage curves of the samples 
deposited using the TD0 target on the platinum substrate at 150C with a threshold-like 
switching behavior. In addition, the 3D view of the data and example of the single curve 
can be seen separately in Appendix 9. 
Figure 38 shows the part of the curves with the triangular shape and the overshooting 
peaks. Despite the overshooting, the memory cells do not follow the limiting current com-















Figure 38. The part of the current-voltage characteristics of the samples deposited using 
the TD0 target on the platinum substrate at 150C showing the threshold-like switching 
behavior 
 
Figure 39. The part of I-V curves of the samples deposited using the TD0 target on the 
platinum substrate at 150C showing the threshold-like switching behavior 
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3.2.4.2.2 The Schottky emission 
 
Figure 40 shows the ZY view of the data fitting of 103 curves for the identification of the 
Schottky emission as the conduction mechanism. The same data in 3D view and example 
of the single curve can be seen in Appendix 9.   
 
 
Figure 40. The test for the Schottky emission: the ln(J) – sqrt(E) of the sample deposited 
using the TD0 target on the platinum substrate at 150C.   
 
3.2.4.2.3 Frenkel-Poole emission 
 
Figure 41 shows the ZY view of the data fitting of 103 curves for the identification of the 
Frenkel-Poole emission as the conduction mechanism. The same data in 3D view and 





Figure 41. The test for the Frenkel-Poole emission: the ZY view of the log(J)-sqrt(E) of 






1. The most important experimental findings were (1) the threshold-like switching in 
samples deposited using the TD0 target, (2) the existence of the exponential relation-
ship between current and voltage, as well as the stepwise jump of resistance (3), in 
samples sputtered using the TD1 target.   
2. The variability of switching behavior was extremely high, except for those with the 
threshold-like switching. It was impossible to attribute the change in resistivity to the 
specific target because all the samples were extremely conductive. The threshold-like 
switching in the samples deposited by the pure SiO2 target was the most pronounced.   
3. The variability in the switching of samples with the threshold-like behavior was ex-
tremely low, which was attributed to the existence of the energy barrier, which re-
stricts the ionic transport through the nanopores. The effect was perhaps observed 
since the relative humidity of the air on the measuring day made was extremely high. 
Therefore, the switching may be affected by the moisture uptake. The Pourbaix dia-
gram may be useful for the description of the dynamic switching of ECM cells.  
4. The stepwise change of resistance is, sometimes, termed as quantized conductance,e 
when the conductance is plotted versus time. The different size of the conductance 
jump may be related to the difference in the capacitance of nanopores, whose geo-
metrical parameters vary. However, in our case, such a behavior was observed in a 
normal resistance-voltage curve. 
5. The resistance-voltage characteristics of ReRAM may be useful in determining what 
types of materials participate in the switching.  
6. Investigations of the effects on the nanoscale require the most advanced analytic tech-
niques, which are able to catch the differences. In addition, the software needs to have 
support from the manufacturer to get all the advantages. 
7.  In addition, using the statistical methods requires the careful planning of finance, as 
well as the design of tests. If the size or quality of the generated data is not enough to 
perform the traditional statistical analysis, the EDA analysis together with MATLAB 
software can be useful.  
8. In the ECM cell, switching can be controlled by adjusting the current compliance and 
the voltage bias. Therefore, the ECM cell can be thought of as both the current- and 
voltage-controlled nanodevice.  
9. The emf, threshold-like volatile switching, as well as the possible chemical reaction 
during switching, indicate that the ECM memory cell does not behave as a passive 
circuit element. This deviation from memristive theory requires perhaps the develop-
ment of a completely new theoretical explanation and classification of ReRAMs. On 
the other hand, using the memristive theory for the explanation of ReRAM would 
require redefining the memristors as active circuit elements, when memristance may 
be written as 𝑀 < 0.  
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APPENDIX 1  
” Memristor” 
TO THE MASTER THESIS “CHARACTERIZATION OF THE 
DOPED SILICON DIOXIDE AND ITS IMPLICATION FOR THE 
RESISTIVE SWITCHING PHENOMENA IN THE 
ELECTROCHEMICAL METALLIZATION CELLS” 
 
1.1 Memristor 
Introduction. In 1971,  Leon Chua had suggested that in addition to a capacitor, inductor, and 
resistor,  the fourth fundamental circuit element can exist. He had named it memristor, which is 
the short form for the memory resistor (Chua 1971). This new circuit element should behave as a 
non-linear resistor with memory (Chua 1971). After turning the voltage off, the memristor stays at 
current resistance until it is turned on again, thus it has memory. The resistance of memristors is 
dependent on the polarity of the voltage and its magnitude (Williams 2008).  
In a  memristor, which is controlled by charge, the equation 𝑀(𝑞) ≡ 𝑑𝜑(𝑞)/𝑑𝑞 expresses a  
memristance and 𝑣(𝑡) = 𝑀(𝑞(𝑡))𝑖(𝑡) defines the voltage.   At the arbitrary time,  the integral of 
the memristive voltage or current defines the memristance of memristor (Chua 1971).The state 
vector 𝑞(𝑡) = ∫ 𝑖 𝑑𝑡
𝑡
0
 refers to the total charge going through the memristor and it is not the stored 
charge of a capacitor (Oster 1974). The memristor with memristance 𝑀 establishes a connection 
between 𝑞 (charge) and 𝜑 (magnetic flux) according to the equation  𝑑𝜑 = 𝑀𝑑𝑞  (Strukov et al. 
2008).  
Passivity.  𝜑 − 𝑞 characteristics of memristor can have a derivative. The behavior of memristor as 
a circuit element is controlled by charge 𝑞 flowing through it. If the incremental memristance of 
the memristor is positive ( 𝑖. 𝑒. , 𝑀(𝑞) ≥ 0 ), then the memristor is passive. (Chua 1971). As a 
passive circuit element, the memristor always has a positive resistance (𝑅(𝑥, 𝑖) ≥ 0). Therefore, it 
cannot discharge energy. If the memristor is passive, then the instantaneous power entering the 
one-port is always non-negative and the discharge of energy is not possible (Chua & Kang 1976). 
The passive memristor exhibits non-volatile memory (Chua 2011).  Therefore, if ReRAM exhibits 
the volatile threshold switching, the cell could not be defined as a passive memristor. 
Zero cross-point property and the Lissajous figures. The Lissajous figures, which is the hysteretic 
current-voltage characteristics of memristors, always go through the origin. After the infinite 
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increase of the frequency, the Lissajous figure degenerates to a straight line without the hysteresis. 
Due to hysteresis, the system possesses certain inertia, hence it is not able to react quickly. 
Depending on the biasing point,  the memristive one-port may be capacitive or inductive under 
small-signal conditions. The Lissajous figures always go through the origin. Thus, the memristor’s 
hysteresis decreases as frequency increases, degenerating into a resistive system (Chua & Kang 
1976).  
The non-linear circuit element. The non-linear dynamic systems called the memristive systems, 
which behave like resistors. Having a memory with the small- signal capacitive or inductive 
effects, they cannot discharge energy. In the waveforms, there is no shift in phases of the input and 
output. As a result, Lissajous figures always pass through the zero origins.  The memristive 
systems behave like non-linear resistors at a very low frequency. However, at extremely high 
frequencies, memristors reduce to linear resistors (Chua & Kang 1976). In the linear elements, 𝑀 
is constant and the memristance is identical to the resistance. The non-linear 𝑖 − 𝑣 characteristics 
are due to the non-linearity of the relationship between 𝑞 and 𝜑 (Strukov et al. 2008).  
The appearance of memristance. Many memristive devices have been wrongly identified as the 
non-linear resistors. Thermistors,  neon bulbs, fluorescent lamps (Chua & Kang 1976) as well as 
ionic systems and amorphous solid state ovonic devices (Chua 1971) are devices which should be 
recognized as having memristive properties (Chua & Kang 1976).  The memristance has also been 
found in the human blood and in the biological ion channel. In nanoscale, the metal-oxide-based 
memristor may exhibit a negative differential resistance (Prodromakis et al. 2012). The 
memristance appears in nanoscales in the titanium-dioxide-based memory cells (Strukov et al. 
2008).  
TiO2-memristor. In 2008, R.S. Williams from Hewlett- Packard‘s Quantum Science Research 
Laboratory recognized that the current-voltage characteristics of TiO2 and Chua’s memristor 
resemble each other. Both curves had a ‘pinched –hysteresis loops’ (R. 2008). Under the applied 
electric field, the resistance of a thin film of TiO2 modulates with a concentration of oxygen 
vacancies. The slight non-stoichiometry in TiO2 turns it into a conductor where oxygen vacancies 
act as a shallow donor (Strukov et al. 2010). Applying the positive voltage would repel the 
positively charged vacancies of oxygen in the TiO2-x layer toward the  TiO2 layer. Under the 
negative bias, the oxygen vacancies are pushed back and forth out of the TiO2 and the device turns 
off (R. 2008). 
In the thin films, the hysteretic resistance switching necessitates the rearrangement of atoms 
modulating the current. Thus, the semiconductive film has a section with a low and high 
concentration of the doping elements. Under an external bias 𝑣(𝑡), two boundary regions move 
initiating the doping elements to drift with memristance 𝑀(𝑞) = 𝑅𝑂𝐹𝐹 (1 −
𝜇𝑣∙𝑅𝑂𝑁
𝐷2
∙ 𝑞(𝑡)). In the 
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equation,  𝜇𝑣 is the mobility of dopants and 𝐷 is the film thickness. Thus, the memristance becomes 
large when the dopant mobility is high and thickness is of nanosize (Strukov et al. 2008).  In 
nanoscales, the memristance can explain the current-voltage switching anomalies, conductance 
with hysteresis, multiple conductance states, and the negative differential resistance (Tour & He 
2008). 
Rejection of negative resistance for an ideal memristor. According to Leon Chua, an ideal 
memristor may exclusively possess one operating point, which is at zero current and voltage. Also, 
a small-signal negative resistance does exist in memristor if memristor is not active at the origin. 
This can be the case when an internal power supply such as nuclear or chemical reactions, batteries 
or light exist in the memristor. Therefore, if such a device without internal power supply shows 
the small-signal negative resistance,  such a device is not an ideal memristor (Chua 2011).  
The real memristor and emf. In the nanoionic devices, the chemical gradients potential generates 
an electromotive force (emf). In all tested ReRAMs, measured potential indicates the presence of 
an emf and nanosize –battery effect, which violates the zero –crossing properties of the memristor.  
Due to the inherent activity of the electrochemical systems, the nanoionic- resistive switches as 
the non-zero-crossing devices cannot be the passive circuit elements. The emf voltage might affect 
both the operation of the device and the retention (Valov et al. 2013). 
Therefore, without the requirement of zero-crossing property, the theory can be significantly 
extended and include many memristive, memcapacitive and meminductive devices. The 
memristive theory should take the emf and nanobattery effect into account and consider ReRAM 
as a real memristor (Valov et al. 2013). 
Cons of memristive theory. The claim of finding the physical implementation of missing 
memristors announced by Strukov et.al in 2008 (Strukov et al. 2008) created a harsh criticism of 
the memristive theory (Vongehr & Meng 2015). Strukov et.al pointed out that the memristive 
systems were hidden for so long because the magnetic field, in fact, does not affect the 
memristance (Strukov et al. 2008). Moreover, in 2011 Leon Chua confirmed the ReRAM 
nanodevices are memristors (Chua 2011).  
The critics of the memristive theory were related to the fact that ReRAM devices were not new 
and it is known that the nanodevice can work without magnetism which is necessary for the ideal 
memristor. Furthermore, the memristor, as well as the inductor, are impossible without magnetic 
flux. The mechanical memristor, if it exists, would need mass as inertia just like magnetism needs 
electromagnetic inductance. No one could find hypothesized real memristor for so long because it 
did not exist. It is, therefore, more probable that memristor might be found in electro-optics, rather 
than in nanotechnology (Vongehr & Meng 2015).  
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The memristor’s advantages. Memristors in the integrated circuits can create the ultra-dense 
memory, working as the learning networks, having the function of the brain synapse (Strukov et 
al. 2008). Using memristors, the electronic circuits with the functions of a brain can be possible. 
The crossbar architecture of the nanoscale circuits has a much higher density of switching elements 
than ICs (integrated circuits) with transistors (R. 2008).  Modeling the new memristive circuit 
elements and the building blocks would require the implementation of new mathematical methods. 
The behavior of these novel nanodevices is frequency dependent and are non-linear. These devices 
display a Coulomb blockade, which is a quantum mechanical effect (Chua 2003). 
Redefinition of the memristor concept. So far, the memristor is defined only as the passive 
circuit elements with 𝑀(𝑞) ≡ (𝑑𝜑(𝑞)/𝑑𝑞) ≥ 0  (Chua 1971; Chua et al. 1976; Chua 2003; 
Chua 2011). However, if we define negative memristance as 𝑀(𝑞) = (
𝑑𝜑(𝑞)
𝑑𝑞




) < 0, if 𝑑𝜑(𝑞) < 0  or 𝑑𝑞 < 0, where both the negative conditions are possible and 




Therefore, if 𝑑𝜑(𝑞) = −𝜀 𝑑𝑡<0, then the electromotive force should be 𝜀 > 0. The 
electromotive force can have the magnetic or chemical origin. Therefore, theoretically, the 
memristance can be defined for 𝑀 < 0 if it is necessary. 
Based on the above-mentioned, there is no direct contradiction between the memristor theory and 
emf, except that the condition for M<0 has not been defined before. The argument of the necessity 
of the magnetism (Vongehr & Meng 2015) for the real memristors, as well as the neglecting of the 
magnetism (Strukov et al. 2008) for the nanoscale, ReRAMs cannot per se be the argument for the 
proving or abandoning the memristor’s concept for ReRAMs.  If materials do not exhibit strong 
bulk magnetism, they are, anyway, diamagnetic. Therefore, the very weak magnetism and 
magnetic induction would be present in any case. M>0 defines memristors as passive electronic 
circuit elements, but circuit elements with M<0 or R<0 would be active.  
ReRAM as an active circuit element.  According to prof. Chua (Chua 2011), the activity of the 
memristor could be also due to the chemical reaction. However, such a possibility for a passive 
memristor was completely excluded by definition. In addition, the two-terminal memory devices 
were defined as passive circuit elements, because they exhibit the non-volatile type of memory 
switching. At that moment, the volatile threshold-type switching in ReRAMs was less known.  
The emf and nanobattery effect in ReRAMs (Valov et al. 2013) was used to justify the extension 
of the memristive theory to other types of capacitive and inductive devices. The existence of emf 
may also imply that ReRAMs are intrinsically not passive elements.  
Possibility of the chemical reaction during switching. At the moment, the explanation of the 
switching behavior of ECM cells is based on the assumption that Cu ions do not interact with the 
5 
 
oxide matrix and the created conductive filament is entirely metallic.  According to the classical 
explanation of ECM cell (Valov et al. 2013), the creation of the metallic filament means the direct 
connecting of the opposite electrodes after applying the positive bias. This explanation implies that 
the connection of the opposite electrodes with the consequent transition from the OFF to the ON 
state can be actually seen in the resistance-voltage characteristics as an abrupt vertical line. After, 
this abrupt transition, the conduction type is usually ohmic, which can be seen as the curving line 
in R-V characteristics on a semilogarithmic scale.  This type of behavior was defined as metallic, 
which implies that conductive path is literally of metallic Cu. The disconnection of the opposite 
electrodes is usually explained as an electrochemical dissolution of the metallic filament after 
applying the negative bias. This disconnecting of electrodes can be also seen as the abrupt vertical 
line in R-V curve.  
Unfortunately, the above-mentioned metallic type of switching was sometimes very difficult to 
obtain. In these cases, the shape of the R-V curves together with the transition zone between the 
OFF and ON states indicated that conductive path is not of metallic type. The stepwise change of 
resistance, the inclining line in semilogarithmic R-V curves, as well as a different threshold-like 
type of curves, indicate that the switching behavior in ECM cell is more complex than just of the 
metallic type.   
The deviation of the simple metallic type of switching behavior could indicate that during the 
switching the conductive filament undergoes the series of changes which can be seen in the R-V 
curves. This may indicate that ECM cell undergoes the chemical reaction during switching. In 
addition, according to Phourbaix diagram explained in Appendix 2, the cations in order to be 
mobile need to be oxidized as well as the pH value of electrolyte needs to be adjusted.  Moreover, 
the nanoionics assumes that when charged species propagate through the neutral matrix, they 
polarize the nearby environment. Due to such a polarization, some chemical bonds may be broken. 
Also, the shape of switching curves may indicate that the filament is oxidized.  
Furthermore, the out-diffusion of oxygen from the formed TiN/SiOx/TiN device during switching 
was also reported (Mehonic et al. 2013; Mehonic et al. 2015; Mehonic et al. 2016). This implies 
that SiOx also can participate in the resistive switching.  Based on above-mentioned, the solid-
state chemical reaction during the resistive switching cannot be completely excluded. This is, 
especially, a case when the shape of switching curves is obviously non-ohmic.  The possible 
chemical reactions are, for example, the creation of oxidized metallic filament and out-diffusion 
of oxygen from oxide.    
The future development of the theoretical explanation of ReRAMs. Despite the controversy, the 
memristive theory has an influence on the theoretical explanation, modeling and even development 
of the emerging two- terminal devices based on all types of oxides and chalcogenides.   ReRAMs 
resemble the memristors but deviate from them. ReRAM behaves as a non-linear circuit element, 
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which can be passive or active. The volatile threshold switching, emf as well as possible chemical 
reaction, may indicate that, in these particular cases, the ECM cell does not behave as a passive 
circuit element.   
Obviously, the memristive theory needs the modifications when it is in use for the description of 
the active memory cells. On the other hand, rejecting the concept of memristors for ReRAMs 
means that a new theoretical explanation of ReRAMs, as the non-linear circuit elements, needs to 
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The Pourbaix diagram of Cu. The Pourbaix diagram shows the dependence of the redox behavior 
on the pH value in the compound (Pourbaix diagram 2008). In practice, the diagram indicates the 
equilibrium states in the aqueous electrochemical system for the protection against corrosion, for 
example. The diagram is usually drawn as the plot of the pH value versus the electric potential. 
The inclining dashed lines in the diagram show the region of stability for the water molecule. 
Therefore, it is worth to see how the SiO2/H2O and Cu/H2O system would behave in the Pourbaix 
diagram to find the possible explanation for the observed behavior of the SiO2-based ECM cell.  
Of course, the Pourbaix diagram can be drawn for a specific electrochemical system. However, a 
generic diagram may be useful as it can be seen in Figure 1and Figure 2.   
Figure 1 displays the Pourbaix diagram for the electrochemical system consisting of Cu and water. 
Generally, the conductive filament in the ECM cell should be created completely at the positive 
bias 𝑉 > 0 and dissolved at negative bias 𝑉 < 𝑂.   
Therefore, when the ECM memory cell is positively biased, the positive Cu electrode (V>0) 
corresponds to the positive region of the Pourbaix diagram and the negative Pt electrode 
corresponds to the negative side of the Pourbaix diagram.  
Secondly, when ECM memory cell is negatively biased, the negative Cu electrode corresponds to 
the negative side of the Pourbaix diagram and the positive Pt electrode relates to the positive side 
of the Pourbaix diagram.  
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Finally, it can be said that the positive and negative side of ECM changes but the positive side of 
the Pourbaix diagram would always correspond to the positively charged electrode and the 
negative side of the diagram to the negatively biased electrode in ECM.   
Case 1: Cu electrode is positively biased V>0. As it was pointed out previously (Willis & Lang 
2004; He & Lu 2012; Tsuruoka et al. 2012), for the generation of the mobile Cu ions in SiO2, Cu 
needs to undergo the chemical oxidation  in the presence of moisture. After that, the free Cu ions 
would be created (1). Additionally, the generated Cu ions need to become mobile (2). 
The chemical reactions of the Cu oxidation can be depicted as 2𝐶𝑢 + 𝑂2 → 2𝐶𝑢𝑂  or 4𝐶𝑢 + 𝑂2 →
2𝐶𝑢2𝑂, for example.  The oxidized copper can originate from the fabrication step or due to the 
oxidation under the influence of an ambient environment. At higher pH >12,3, Cu2O is more stable 
than CuO and at lower pH CuO would be more stable. Also, at low voltage (0<V<0.3) and pH>2.5, 
Cu2O can be preferentially generated. However, the Cu2+ can be stable and mobile at pH< 3.5 
and V>0.3.  It implies that the concentration of hydroxide ions [𝑂𝐻−] near the positively charged 
Cu electrode needs to be much higher than the concentration of the hydronium ions [H3O+] in 
order for  Cu ions to be mobile.  
The decreasing of the concentration of [H3O+] near the positively charged electrode can occur if 
these ions travel away from it or H+ proton hops to another water molecule. The H+ proton is very 
mobile; therefore, it can drift (or hop) toward the negative electrode. In addition, the proton can 
also attach itself to the dangling bonds of Si or oxygen in SiO2 oxide neutralizing the charged 
defect and at the same time creating new defects in the matrix due to the requirement of the 
electroneutrality. Also, attaching to the oxygen dangling bonds can create the silanol bonds.  
The hydronium and hydroxide ions in SiO2 would originate from the moisture uptake from the 
ambient environment. The dashed inclining lines in the Pourbaix diagram indicate the region of 
the water molecules’ stability. At the voltage bias higher than 1.3V, the water would react with the 
oxygen to produce the hydroxyl ions according to the equation 𝑂2 + 2𝐻2𝑂 + 4𝑒 → 4𝑂𝐻
−. 
Therefore, the reaction requires the presence of both water and oxygen in addition to electrons for 
the generation of hydroxide ions. Moreover, the water molecules can dissociate into ions 𝐻2𝑂 +
𝐻2𝑂 → 𝐻3𝑂
+ + 𝑂𝐻−at an increased rate with an increase in voltage bias.  
Therefore, only the hydroxide ions 𝑂𝐻− should stay near the positive Cu electrode. Moreover, 
they would discharge on the positive Cu electrode according to the equation 2𝑂𝐻− → 𝑂2 + 2𝐻
+ +
4𝑒−.  The newly created positive protons 𝐻+ together with previously created ones and Cu ions 
would migrate away from the positive electrode during the positive bias of the ECM memory cell. 
The positively charged ions would travel through porous SiO2 in the same way as ions travel 
through the porous membrane in the traditional electrochemical cell or the electrolytic batteries.   
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The 𝐻+and 𝐶𝑢𝑧+would migrate under applied positive bias toward the negative Pt electrode, 
where they would discharge themselves according to the equations:  2𝐻+ + 2𝑒 → 𝐻2 and 𝐶𝑢
𝑧+ +
𝑧𝑒− → 𝐶𝑢. The reduced Cu electrodeposits on the Pt electrode, and forms the metallic filament 
growing toward the positive Cu electrode and finally short-circuits the opposite electrodes. The 
hydrogen molecule can break the Si-O bonds, attaching itself to oxygen and Si dangling bonds.  
When the bias is reversed, the Cu electrode would be negative and Pt positive. This situation would 
be slightly different because the metallic filament (Cu) as an extension of the positive Pt would 
play the same role as the Cu electrode at the positive bias. Therefore, the Cu filament needs to be 
oxidized in the same way as the positive Cu electrode is oxidized at the positive bias. Then, 
generated mobile Cu ions diffuses into the SiO2 matrix and finally disconnects the opposite 
electrodes. The disconnection probably occurs near the Pt electrode. The behavior and function of 
the hydrogen and hydroxyl ions would be the same as at the positive bias of Cu electrode.  
V(Pt)>0 and V (Cu)<0. At the negative bias, decreasing the pH value with a consequent increase 
in hydroxide ion concentration would imply the discharging of hydroxide ions onto the positive Pt 
electrode according to the equation 2𝑂𝐻− → 𝑂2 + 2𝐻
+ + 4𝑒−. The 𝐻+-ions would travel toward 
the negative Cu electrode. Oxygen would be consumed at the reverse bias in order to produce the 







Figure 1. The Pourbaix equilibrium diagram of the Cu-H2O system (Suh et al. 2016). 
 
Figure 2 shows the combined Pourbaix diagram for Al and Si, however, the aim is to investigate 
the behavior of SiO2 and H2O system only.  It can be seen that SiO2 is stable within a wide variety 
of voltage and pH values. However, Si is more stable at negative bias and therefore near the 
electrode, which is negatively biased. Si is stable at lower voltage with pH<7 compared to pH>7.  
This can have an implication, that Si rather than SiO2 would be stable near the negative electrode, 
where the environment would be crowded with H+-ions (or H3O+). The presence of Si in SiO2 
near the negative electrode can be  interpreted as oxygen vacancy.  
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Thus, the dissolution of the metallic filament in ECM memory cells occurs in the same way as 
dissolving the top Cu electrode. It means that the metallic filament needs to be oxidized via 
formation of copper oxide, then the concentration of hydroxide ions needs to increase in order for 
Cu ions to be mobile again. Only then, the opposite electrodes can be disconnected.  
 
Figure 2. The combined Pourbaix diagram for Al and Si (Milenkovic et al. 2009). 
 
Implications on interpretation of switching behavior of ECM memory cells. The effect of 
moisture on switching behavior of ECM memory cells can be made not only by taking into account 
of partial chemical reaction on counter electrode as it was proposed by Tsuruoka et.al and 
Tappertzhofen et.al , but also by taking into account the Pourbaix diagram. This type of diagram 
usually used for explanation of bulk properties. However, it can give more exact, full and 
reasonable explanation of possible chemical reactions during switching and also for effect of 
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1.1.1 Doping of the related oxides 
Doping of zirconium dioxide. The doping of ZrO2 affects the oxygen vacancy formation. The 
mean radii of oxygen vacancies are different for different dopants (Yeh & Chou 2008).  The 
nonpolar resistance switching observed in Cu/ZrO2: Cu/Pt devices suggest a filamentary 
mechanism. Also, the temperature-dependence implies that a metallic filament may be responsible 
for the conductive ON state (Guan et al. 2008). The Ti-doping of ZrO2 can eliminate the 
electroforming stage and decrease the variability during resistive switching (Liu et al. 2009).  
Doping with Cu and the Cu nanocrystals, or Ti ions improve the switching behavior of Cu/ZrO2/Pt 
device by the eliminating of the electroforming stage, enhancing the switching uniformity as well 
as reducing the operation voltage. Also, the better retention and thermal stability in the resistive 
OFF state are attained (Wang et al. 2012). The Pt/ZrO2/Ti/Pt cells show the unipolar switching, 
and Pt/ZrO2/TiN shows the bipolar switching. The temperature measurements of the ON-state 
demonstrate the semiconductive and the metallic types of switching in memory cells (Kärkkänen 
et al. 2015).  
Doping of cerium and gadolinium oxide. Doping by aliovalent cations can create extrinsic point 
defects as in CeO2 doped by 10-15 mol% of Gd2O3. In doped ceria, the Gd3+ ions in Ce+4 sites 
create oxygen vacancies for charge balancing (Kilner 2000). The electrical conductivity of doped 
CeO2 is dependent on concentration and the dopant types (Inaba & Tagawa 1996).  
Fluorite- type oxides, which are doped by aliovalent cations, are known as fast oxygen ion 
conductors. In the hosting lattice, aliovalent cations create oxygen vacancies. The gadolinia 




therefore the concentration of vacancies depends on the dopant level (Kilner 2000).  
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1.1.2 Doping of other oxides  
Doping of zinc oxide. 2 at. % Al-doped ZnO films exhibit the band-gap widening owing to the 
Burstein-Moss effect with the occupied and blocked lowest state of the conduction band (Sernelius 
et al. 1988). The Burstein-Moss effect indicates that doping with 2% Al makes the semiconductor 
be degenerated.  
The growth rate of the Al-doped ZnO films sputtered by the RF magnetron increases with 
increasing RF power, but decreases with rising of temperature or pressure. The electrical 
conductivity of the pure ZnO is less than that of a doped film.  Increase in the conductivity is 
attributed to the Al3+ ions substituting the Zn2+ ions, interstitials of Al atoms, and oxygen vacancies 
as well the Zn interstitials (Park et al. 1997).  
Cu-doped ZnO films show unipolar switching after the electroforming. Moreover, the conduction 
mechanism depends on voltage and Cu concentration (Min et al. 2011). Also, switching stability 
of the magnetron sputtered ZnO was improved by doping with Ti. The formation energy of oxygen 
vacancies near Ti atoms was low (Li et al. 2013).  
Doping of hafnium oxide. The Cd- doping of HfOx makes the distribution of the oxygen 
vacancies more homogeneous (Gao et al. 2013). The enhanced ON/OFF ratio was found in the 
Cu-doped HfO2 film. The current, limited by the space charge (SCLC), was supposed to be 
responsible for the bipolar switching and the migration of the Cu ions for the unipolar switching 
(Guo et al. 2015).  Moreover, Au doping of HfO2 reduces the formation energy of the oxygen 
vacancies due to the reduced randomness of the filaments (Tan et al. 2014). 
Doping of Perovskite. This switching of perovskites originates from the oxygen content 
modulations, it is attributed to the self-doping effect. The dislocations, which are extended defects, 
may work as bistable nanowires (Szot et al. 2006). The resistance change in SrTiO3 is due to 
oxygen migration with subsequent valence changes in the Ti (4+) and the Ti (3+) ions (Baeumer 
et al. 2015). The formation energy of the oxygen vacancies in SrTiO3 would be less at sites close 
to the dislocation core (Marrocchelli et al. 2015). 
The implication for interpretation on the effect of doping in ECM cells.  Both homogeneous and 
heterogeneous doping is used for improving the electrical and optical properties of oxides. 
However, it would be extremely difficult to attribute the influence of the specific doping element 
to the obtained effect without identifying the concentration, valence, ion radii, the position of 
doping element in host materials as well as the influence of other parameters.   Change in resistive 
switching properties, for example,   may be also attributed to other fabrication or testing parameters 
or their combination. Therefore, not only doping, especially at very low concentration level, but 
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also other influencing parameters as well conduction mechanisms need to be considered in the 
interpretation of observed effects.  
Doping the silica with aliovalent cations, which may replace Si in the lattice, would increase the 
concentration of oxygen vacancies. However, the aliovalent cations may take also other positions 
in host matrix or even create a secondary phase. Doping of silica with Me+ and/or Me++ as well 
as the interstitials of Me+++ may increase the concentration of non-bridging oxygen (dangling 
bonds), which increases the diffusion of oxygen.  Also, the replacing the Si in SiO2 would require 
specific fabrication condition. In addition, the location and position of cation in the host material 
may vary a lot.  As a result, the influence of specific cation on resistive switching would vary also 
depending on the exact position and, of course, on the concentration of dopant. Therefore, based 
only on electrical characterization, it would be difficult to separate the effect of doping from the 
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1.  RESEARCH METHODOLOGY AND MATERIALS  
1.1 SEM  
Scanning Electron Microscope or SEM is a useful tool for obtaining a topographical image of a 
sample. In SEM, the surface image is created by scanning the surface in a raster pattern by a 
focused electron beam, which is deflected by a magnetic field (Goldstein et al. 2012; CIRP 
Encyclopedia of Production Engineering 2014). 
The resolution of the fine details is often inferior to the specific resolution performance of the 
SEM. When the object dimensions are comparable to the interaction volume of X-rays, fewer 
electrons scatter from the sample and more from the substrate. Additionally, artifacts can occur at 
each measurement stage (Goldstein et al. 2012; CIRP Encyclopedia of Production Engineering 
2014). 
Identifying the chemical elements as well as the qualitative and quantitative analysis of materials 
can be done using the emission of characteristic X-rays. A quantitative analysis is possible when 
a standard reference is used. The intensity of emitted X-rays and a concentration of the chemical 
elements in the specimen are correlated to each other.  The distribution of emitted X-rays is directly 
affected by an atomic number of chemical elements in the specimens (Goldstein et al. 2012; CIRP 
Encyclopedia of Production Engineering 2014). 
The quantitative chemical analysis of the sample of 1 μm in diameter and 1 μm in depth, and the 
qualitative identification of the trace elements < 1 wt%, minor 1–10 wt%, and major > 10 wt% 
elements are possible. However, only the identification of the major elements can be performed 
with a high degree of confidence (Goldstein et al. 2012). 
The sample used in SEM needs to be conductive, whereas nonconductive samples for imaging 
need to be covered with a conductive layer. In addition, in some cases, a layer of the metal particles 
of 3-5nm or a continuous metal coating of 1nm may improve the signal-to-noise ratio.  For such 








Definition of EDX.  The chemical characterization of samples can be made using the energy 
dispersive X-ray spectroscopy or EDX, which exploits the inelastic scattering of electrons. The 
inelastic scattering involves the electron-electron interactions, and it means that the energy lost by 
the electrons is large enough to be detected in the microscope (Brydson & Hondow 2011).   
In the inelastic transition, the fast electrons lose their energy and create an electronic hole. After 
that, an outer electron moves down into a place of the hole, and consequent X-rays and the Auger 
electrons will be created. The emitted characteristic X-rays expose the atoms’ chemical structure 
(Brydson & Hondow 2011). 
The intensity and energy of the characteristic X-rays correlate to the areal density of the layer and 
the atomic number. The applied voltage controls the penetrating depth of electrons. This depth is 
usually between 0.1 μm and several μm (Prencipe et al. 2015). 
The identification of the elements in the resulting EDX spectrum is made routinely. The relative 
heights and the positions of the X-ray peaks related to a certain element can be obtained from the 
database of the EDX software package (Brydson & Hondow 2011). 
With careful analysis and measurement, EDX can identify elements with a concentration of 0.1 
atom%, however with  ±5% by accuracy. Also, the low energy absorption of X-rays causes serious 
difficulties for elements with the number< 11. Therefore, the light element quantification can be 
unreliable without the information about sample thickness, the geometry of the detector and the 
specimen, and other parameters (Brydson & Hondow 2011). 
However, due to the inherent nature of this technique, the distorting and other ‘spectral artifacts’ 
are present in the X-ray spectra during the measurements (Goldstein et al. 2012).   
Limitations of EDX. First, the emission of X-rays due to the relaxation of excited atoms is more 
efficient for atoms with atomic numbers Z>30. Also, the detector efficiency for the collection of 
emitted X-rays is usually less than 1%. Moreover, the signal strength will always be problematic 
from a thin specimen (Brydson & Hondow 2011).  
Having a simple design, the EDX detectors have certain disadvantages. The count rate of the 
detectors is slow. Only a fraction of electrons produces the characteristic X-rays.  Also, the 
detectors have a poor efficiency of signal collection. Moreover, the comprehensive information 
related to the densities of the electronic states is missing in the spectra. Also, the X-rays may be 
radiated from any area, which is illuminated by electrons. Furthermore, it is intrinsically unsuitable 
for analyzing at atomic scales. By using very thin specimens without the artifacts, the greatest 




EDX can be used for qualitative microanalysis. For EDX, the chemical constituents can be defined 
as the major (>10wt%), the minor (1-10%) or the trace (<1wt%) elements. However, EDX has a 
detection limit of about 0.1 wt% in bulk materials.  EDX can perform a quantitative analysis with 
the accuracy and precision approaching 1% (Goldstein et al. 2012).  
The identification of the major chemical elements can typically be made reliably. However, in the 
identification of the trace-level elements or the minor elements, error in the peak assignment may 
occur due to the artifacts, spectral interferences,  or the multiplicity of spectral peaks of the high 
and the intermediate atomic number of the (Goldstein et al. 2012)chemical elements (Goldstein et 
al. 2012). The sum of all identified chemical elements should be equal to 1.0 or 100%.  The 
deviation from unity is a direct consequence of the measurement’s statistical and the systematic 
errors. Deviation from 100% can indicate the presence of oxide inclusion, for example.  With the 
proper control of all the included elements, the analytical total should be from 
98% 𝑡𝑜 102% (Goldstein et al. 2012).  
 
1.3 XRR 
Definition of XRR.  At a small angle, X-rays can be totally reflected from the surface of the solid. 
This effect is exploited by XRR or X-rays reflectivity techniques (Compton 1923). Due to the 
negligible penetrating of the X-rays into the surface in a case of total reflection, the reflected 
intensity reveals the surface structure. The analysis of the reflected intensity reveals the 
information about electron density variation with depth as well as information about the state and 
treatment of the surface. The electron density of a material determines the critical angle and the 
shape of the XRR curve (Parratt 1954). 
If a thin layer is present, the interference or Kiessig fringes (Kiessig 1931) may be seen. These 
oscillations are dependent on the thickness of the thin film: the thicker the film is, the shorter the 
oscillation period is (Yasaka 2010). The incident angle is sometimes named as the glancing angle 
(Parratt 1954) or the grazing incident angle (Bowen & Tanner 1993). The method applies to films 
from 1 nm to about 1µm in thickness (Bowen & Tanner 1993). 
The intensity of the totally reflected X-ray falls rapidly above some critical angle. The reflectivity 
of the rough surface falls off even more rapidly (Bowen & Tanner 1993).  The larger the amplitude 
of the oscillating Kiessig fringes, the larger the difference in the atomic number between the layer 
and substrate is. The period of Kiessig fringes has inverse proportionality to the layer thickness. 
Multilayers give multiplied fringes. The roughening of the interface decreases the fringe amplitude 




Application of XRR. The XRR method may be implemented for studying single-crystalline, 
polycrystalline and amorphous (Yasaka 2010)  materials as well as liquids (Bowen & Tanner 1993) 
and liquid-gas interfaces (Lehmkühler et al. 2008).  XRR can be used for the determination of 
interface width and layer structure (Yasaka 2010), the thickness and the roughness of the surface 
(Bowen & Tanner 1993) and the interface (Bowen & Tanner 1993) as well as the density (Filies 
et al. 1999) and the composition of a thin layer (Bowen & Tanner 1993). Moreover, the average 
densities of a porous material, which were obtained using XRR, have been used for evaluating the 
porosity and layer structure (Suzuki et al. 2006; Yasaka 2010). Additionally, the XRR method can 
reveal information about the surface treatment or the material state as a result of corrosion, 
porosity, aging, and annealing (Parratt 1954).  
Electron density and mass density. The most common data collection technique is the specimen 
 𝜃 − 2𝜃 -scan. The determination of the fringe spacing 𝛿𝜃 suffices to estimate the film thickness 𝑡 
if the single periodicity is extracted from the relationship 𝛿𝜃 =
𝜆
2𝑡
.  In the equation, the wavelength 
is denoted as 𝜆. Using the critical angle, the refractive index may be calculated (Bowen & Tanner 
1993) or from the expression cos 𝜃𝑖 = 𝑛1 ∙ cos 𝜃𝑡, where 𝜃𝑖 is the incident angle, 𝜃𝑡 totally 
reflected angle and 𝑛1 the refractive index of the media.  The diffraction is not necessary for the 
implementation of this method, which allows studying amorphous films (Veldhuis et al. 2014).  
In addition, the angle of total reflection can be expressed as 𝜃𝑡 = √𝜃𝑖
2 − 2𝛿 = 0 , where dispersive 
part of the refractive index is defined as 𝛿 and the refractive index as 𝑛 = 1 − 𝛿 − 𝑖 𝛽⏟
0
= 1 − 𝛿.  
Therefore, only at very small angles, the total external reflection may occur. At the total external 
reflection, the critical angle is therefore defined by 𝜃𝑐 ≈ √2𝛿, which is between  0.1° 𝑎𝑛𝑑 0.4° for 
𝐶𝑢 𝐾𝛼 irradiation. If the stoichiometry is known in mono-atomic material, the mass density 𝜌𝑚 is 
directly calculated from 𝜌𝑒:  𝜌𝑚 =
𝜌𝑒∙𝐴
𝑁𝐴∙𝑍
, where  𝜌𝑒 and 𝜌𝑚are the electron and the mass density. 
Also, the atomic weight is denoted as A, the atomic number as Z, and the Avogadro’s number 
as 𝑁𝐴. For materials with more complex structures, the mass density of the unit cell can be 
calculated by the summation of all atoms (Veldhuis et al. 2014). 
Fitting procedure. The most commonly used formalisms in XRR simulation are the Fresnel 
formulae and the Parrat’s recursive algorithm (Bowen & Tanner 1993; Filies et al. 1999) and its 
modifications based on the theory of Nevot-Croce for roughness (Fujii 2013), for example.  The 
XRR fitting method assumes the deposited layer is isotropic. In thin films, the thickness and 
interface roughness can be estimated by fitting of the XRR curve only in part at angle> 𝜃𝐶 . 
Consequently, the parameters calculated in such a way are rather imprecise. In the proposed 




However, the fitting using standard software is very labor-intensive and time-consuming. Also, 
the extraction of the numerical data related to thickness, roughness, and density in the nanoscale 
from the measured XRR curves using the standard fitting tool software includes difficulties due to 
the used standard algorithms which do not take into account a large variety of non-ideal surfaces.  
Curve fitting can be difficult especially for the non-standard layers and the multilayers. Therefore, 
some additional shortcuts, approximations, or some other parameters such as the diffuse scattering 
and the effective roughness (Fujii 2013) are usually applied.  For the sol-gel films, for example, 
also the ﬁrst Born approximation theory is implemented (Yang et al. 2009).   AFM (Atomic Force 
Microscope) calculation before the fitting procedure of X-ray reflectivity was performed together 
with the evolutionary computation and coupling with a local optimization technique (Solookinejad 
et al. 2014). Additionally, a pseudo-critical angle, using the 3rd derivative approach, was 
calculated to obtain the calibration curves. Within the error margin, the densities of the sample 
obtained in combined   SEM and RBS analysis and using the XRR method were consistent 
(Veldhuis et al. 2014). 
Conclusion. XRR technique is beneficial, when the surface and interfaces of differently fabricated 
thin films are investigated, such as multilayered thin films (Fujii 2013), sol-gel prepared thin ﬁlms, 
physical vapor deposited thin films  (Veldhuis et al. 2014) and slightly bent mica nanofilms 
(Briscoe et al. 2007). The XRR method is non-destructive and compatible with the clean-room 
technology (Bowen & Tanner 1993) which can be used for a wide variety of purposes. 
 
1.4 XRD 
Definition of XRD. The elastic scattering of X-ray photons from a periodic lattice of atoms is 
called X-ray diffraction (XRD).  Following Bragg’s law 𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃, the constructive 
interference occurs when the monochromatic X-rays scatter from the atomic planes. In Bragg’s 
law, n means an integer, as well as the wavelength, is denoted as 𝜆.  The incident angle of the 
electron beam is 𝜃 and distance between the crystal planes is d.  By measuring the angle 𝜃, d can 
be determined for each single crystalline phase.  The position of the peak and the intensities in the 
X-ray pattern are usually used for qualitative analysis.  Moreover, the X-ray diffraction pattern is 
useful for the determination of the lattice constant and the internal (residual) stress in the sample. 
Furthermore, peak angles together with peak width can be useful for the determination of particle 
size, crystallization degree, and the structure of the sample (Ramachandran & Beaudoin 2000).  
The absorption of X-rays. Intensity (𝐼) of X-rays decreases when the beam propagates through the 
matter. Change in intensity is proportional to the distance traveled by the X-rays through a 
thickness 𝑥  according to equation 𝐼𝑥 = 𝐼0𝑒




𝐼0 is the incident beam's intensity, and 𝜇 is the linear absorption coefficient (Röntgen 1898; Cullity 
& Stock 2001). 𝜇/𝜌 is the mass absorption coefficient, which is a constant tabulated for various 
wavelengths. In materials, the mass absorption coefficient does not depend on the physical state. 
If the material is a solution, a mechanical mixture, or chemical compound, the coefficient for the 
compound is calculated by the weighted average of its constituents (Cullity & Stock 2001). 
Applications. The XRD technique is usually used together with other analytic techniques.  XRD 
can be employed for the mapping of local strain changes in the individual grains, for example. 
Also,  the impact on the strain due to the replacing of a compound with another (Schäfer et al. 
2016), the influence on the resistivity due to Al and Ti doping of ZnO (Davoodi et al. 2016) can 
be studied. XRD can be used for ensuring that the thin film is amorphous (Sankar et al. 2016). 
Moreover, the phase transformation of  𝑌2𝑂3  due to annealing as a function of the residual stress  
(Gaboriaud et al. 2016)  have been investigated. Furthermore,   the impact of Al-doping on the 
resistance of ZnO (Islam et al. 1996), as well as the effect of the porosity in Si (Bellet & Dolino 
1996) have been studied by XRD.  
It is especially interesting that, in thin films, the XRD can be used for studying the microstrain as 
a result of the doping and the porosity.  In individual grains, the planar and linear defects influence 
the overall microstrain distribution in the 𝐶𝑢(𝐼𝑛, 𝐺𝑎)𝑆𝑒2 solar cell. The replacing of 80% of the 
atoms of In by Ga in 𝐶𝑢(𝐼𝑛, 𝐺𝑎)𝑆𝑒2 induces microstrain, which affects the electrical and the 
optoelectronic properties of the solar cell (Schäfer et al. 2016).  
The doping of ZnO with Ti and Al causes a stress due to the difference in the radii between the 
doping elements and the zinc ions, decreasing the roughness because of a grain size reduction and 
a decrease in resistivity. The minimum resistivity has been measured in ZnO doped with both 
dopants simultaneously (Davoodi et al. 2016).  
In the ferroelectric perovskite films (PbTiO3), the doped elements, such as Ni and Pd, were added. 
The incorporation of the substituting ions into the lattice causes the variation of the XRD 
diffraction peaks. The addition of the substitutes reduces the grain size of the perovskite films 
(Zhou et al. 2016).  
According to XRD, the doping of ZnO with isovalent Al (<2 at. %) causes an increase in the lattice 
parameters but with the same c/a ratio.  It has been impossible to detect aluminum in the Al-doped 
ZnO film due to the low concentration of Al and the low ionization level of the cross-sections. The 
stoichiometry and the lattice spacing of doped and pure ZnO appear to be similar. However, the 





The effect of oxidation on the strain in porous Si has studied. The lattice parameter in the ambient 
atmosphere, as well as  due to aging, is increased linearly with the quantity of fabricated SiO2. 
The oxidation of bulk silicon causes a volume increase by 2.3 times, therefore producing the stress 
in the material (Bellet & Dolino 1996).  
All in all, the above-mentioned XRD techniques can be used for obtaining useful information about 





2. FABRICATION OF ECM 
2.1 Sputtering by CT1000 
Definition. Thin film deposition is usually made under a glow discharge by the application of 
either direct current (DC) or RF power.  The systematic variations of the deposition parameters 
help to find the optimal conditions (Westwood 1976). Sputtering is useful for the fabrication of 
nanomaterials, which can be classified being zero-, one-, two-dimensional. Quantum dots, for 
example, are nanomaterials of zero dimensions, having all three dimensions in the nanosize. 
Quantum wires as one-dimensional nanomaterials have two dimensions of the nanoscale.  Instead, 
the thin films and the superlattices are two-dimensional nanomaterials with just one dimension of 
the nanosize (Wasa et al. 2004).  
During sputtering, the incident ions interact with the atoms on the surface of the target. The energy, 
the target materials, the incident angles, and the crystalline structure of the target affect the sputter 
yield.  The decrease in the target thickness and the loss of the target weight define the sputter yield. 
The quality of the target surface, as well as its crystallinity, affect the angular distribution of 
particles and the sputtering yield.  If the target consists of the polycrystalline materials, then the 
angular distribution can be over or under the cosine law.  Often, a single crystal target produces a 
non-uniform angular distribution (Wasa et al. 2004). 
During sputtering, the mean energy of the neutral atoms is less than the energy of ions. The 
initiation of the sputtering event occurs by the colliding of atoms with the incident ions on the 
target surface (Wasa et al. 2004). 
Controlling the properties of the deposited layer, it is necessary to investigate the impacts of the 
sputtering settings on the layer structure. Most important sputtering parameters include the target 
composition, the deposition rate or the sputtering power, the temperature, and the substrate 
material.  In thin film, these parameters have an impact on the chemical composition, crystallinity, 
as well as microstructure and stresses (Wasa et al. 2004).  
The quenching of the melt and the vapor creates the amorphous substance. The quenching of the 
vapor is employed by the various thin film deposition techniques, including sputtering. The 
amorphous thin films need to be sputtered at substrate temperatures below the crystallization 
temperature (Wasa et al. 2004).  
Stress. In sputtered films, stress, which is intrinsic, may be either tensile or compressive, which 
depends on how energetic the deposition was. The deposition technique influences the thin film 
microstructure, which consequently defines the magnitude and nature of the stress. The particle 




of the cathode, the orientation of the substrate, and biasing voltage. Tensile stress in the porous 
films is explained to be due to the relaxation of the grain boundaries, whereas in the dense films 
compressive stress is related to the peening mechanism of the atoms. The temperature of deposition 
and the intrinsic stress are inversely correlated (Windischmann 1992).  
Sputtered thin film has a two-dimensional structure, which changes the physical properties of the 
layer. This occurs because the layer is fixed on the substrate. Thin films may have physical 
properties, which are different from bulk materials. The thin films may have a strong internal stress 
or a high density of lattice defects, which increases the elastic strength. In thin films, the strengths 
can be much larger than those in bulk material. The mismatch of the thermal expansion between 
the substrate and thin film as well as differences in the lattice parameters cause internal stress.  In 
thin films, the tensile and compressive stresses affect their electrical properties such Curie 
temperature,  the giant permittivity, pyroelectricity, and superconducting critical temperature 
(Wasa et al. 2004).  
Applications. Sputtering is broadly exploited for various purposes, such as thin film deposition 
and surface etching and cleaning. The high-energy particles can be ions, neutral atoms, neutrons, 
electrons, and photons (Wasa et al. 2004). Thin film is a material with low dimensions (less than 
3 D) created by the condensing of the matter. Thickness can be less than several microns. The 
technology is used for the fabrication of nanomaterials and superlattices. The deposition method 
affects the properties of thin films. Sputtering is widely used in the semiconductor industry (Wasa 
et al. 2004).  
In thin film materials, the decreased mobility 𝜇  in the metals and semiconductors, the space –
charge limited current through the insulators, the voltage-controlled negative resistance, the tunnel 
current, the thickness dependence on the dielectric constant as well as the tensile and the 
compressive stress effects are usually expected (Wasa et al. 2004).  
Doping. Sputtering allows the doping of the impurity atoms into the semiconductor at a low 
temperature. In the semiconductive films, the co-sputtering of the dopants is beneficial for 
adjusting their conductivity. However,  in the traditional sputtering equipment, Cu- and Al-co-
sputtering during the deposition of ZnO has no impact on the conductivity of the deposited films, 
whereas sputtering with the use of a magnetron affects the resulting conductivity largely. Cu as 
the dopant in ZnO decreases the conductivity by approximately three times while Al improves the 
conductivity to the same amount. Also, in dc magnetron sputtering, copper is perhaps incorporated 
as an acceptor and Al as a donor. In the traditional technique, the dopant atoms are located at the 
crystal boundaries without incorporating in the crystal lattice (Wasa et al. 2004).  
The CT1000 cluster deposition tools. The CT1000 cluster deposition tools were designed for the 




deposited by the equipment available before were suffered from contamination and unwanted 
interface modification in the ambient atmosphere.    The first Ar-plasma ignition was made on 20st 
May 2010 (van den Hurk 2016).  
  
 
Figure 1. The overview of the CT1000 cluster deposition tools (van den Hurk 2016) 
Figure 1 shows the CT100 cluster deposition tool, which has two independently usable sides with 
a shared vacuum load lock, different process chambers with a sputter deposition system, and a 
vacuum pump system. Maximum RF plasma excitation is possible with the maximum power of 
300W. The CT1000 cluster tool uses a computer-based control system, which allows controlling 
the gas flow, pressure, and power of the RF generator (van den Hurk 2016).  
 One of the used process chambers was equipped with a stationary and one with a rotating sample 
holder. Both chambers for the purposes of this project were equipped with heaters at the later stage 





3. RESULTS AND ANALYSIS 
The part of obtained results related to a physical characterization of deposited layers is introduced 
in the Master Thesis and another part in this Appendix 4.  
3.1 Structural and morphological characterization 
In the following sections, both the theoretical description of used analytic techniques related to the 
structural and morphological characterization of sputtered SiO2 as well as results obtained using 
SEM, EDX, XRR and XRD techniques are introduced.  
3.1.1 SEM 
Preface. At the beginning of our project, it was necessary to find the optimal condition for the 
sputtering of a thin film by CT1000. In the previous experimental work, SiO2 was deposited either 
using other techniques or more powerful sputtering equipment.  From the previous sputtering 
experiments by Schindler (Schindler 2009), it was known that the deposition of SiO2 needs at least 
the power of 300W from the RF power generator.  According to the technical documentation of 
the CT1000 cluster deposition tools, the maximum available RF power was 300W. However, in 
practice, the equipment cannot withstand such loading more than 3 minutes because originally 
CT1000 was designed for the deposition of gallium sulfides (van den Hurk 2016) and other 
transition metal oxides, which usually require much less RF power for the deposition. 
First deposition trials were made before starting this thesis work. Unfortunately, the quality of the 
deposited SiO2 thin film was low, because the thin films had a visible columnar structure, which 
would have affected the electrical performance of ReRAM. Therefore, at the beginning of this 
thesis, it was decided to continue the trials with higher achievable RF power and by varying the 
pressure and the oxygen content during the sputtering.  The evaluation of the deposited thin films 
was made using SEM. 
Figure 2 shows the samples that were deposited by the TD0 target at room temperature (RT) using 
the different power of the RF generator. After many trials, it was decided that all the samples 
deposited with RF power less than 100W did not have sufficient quality (Figure 2: a-d) because 
the layers were rough and not dense enough. Furthermore, it was found that the RF generator 
cannot work sufficiently more than 30 minutes without the overheating at a power higher than 
150W. Therefore this value was used later as the starting point for the sputtering of the SiO2 using 






































Figure 2. The SEM images of the specimens sputtered using the TD0 target on a platinum substrate 
at RT at the different RF power setting (a-h). 
 
Figure 3 displays the SEM images of the specimens deposited at a constant power on an Al2O3 
substrate using the TD0 target at different temperatures. Higher temperature promotes slightly 





Figure 3. The SEM images of the samples deposited using the TD0 target on the Al2O3 substrate 




Figure 4 shows similar images as Figure 3 for the TD2 target doped with the dopants 1 and 2. The 
effect of increasing the grain sizes with the temperature can be clearly observed up to 200C. 
However, at 300C, the grain size slightly decreases. 
Figure 4. The SEM images of the specimens sputtered using the doped TD2 target on an Al2O3 




The SEM images of the specimens sputtered using the TD1 target at a constant 150W power with 
oxygen and without oxygen added during the sputtering are shown in Figure 5.  The samples 
deposited without oxygen have a visible columnar structure, but the samples with an addition of 
oxygen are dense and homogeneous without a visible structure. The sputtering parameters of the 
sample deposited on the platinum substrate at 100C with the addition of oxygen at 150W were 








Figure 5. The SEM images of the specimens fabricated by sputtering the TD1 target on a platinum 
substrate with and without oxygen 
Like Figure 5, Figure 6 displays the SEM images of the specimens sputtered on a titanium nitride 
substrate. As for samples deposited on the platinum substrate, the sputtered layer without oxygen 
on the titanium nitride substrate has a visible columnar structure. On the other hand, the layer 








Figure 6. The SEM images of the specimens fabricated by sputtering the TD1 target on a titanium 








Figure 7 displays the same phenomenon of the deposition with and without oxygen observed in 
the SEM images of the samples with a view from above. Both the temperature and varying the 
oxygen content have an impact on the grain size.  The oxygen addition in (d-f) causes the reduction 
in the grain size.  
  
 






Figure 7. The SEM images of the specimens fabricated by sputtering the TD1 target on the 
platinum substrate with and without oxygen 
The requirement for the SEM imaging is that the sample is conductive. However, the Al2O3 
substrate is an insulating material.   All samples with the usual silver paste coating created only a 
very bright image without any fine details due to the charging of the substrate. To obtain a view 
from the side and in order to avoid charging up, two different coatings (see Figure 8) were tested. 
First, the samples were coated with aluminum.  Unfortunately, the actual thickness of the Al 
coating of the sample was much thicker than expected, and, in addition, the Al film completely 
masked all the fine details. The carbon coating did not help either because it was not conductive 
enough, and the sample was charged too. Also, the C-coating appeared to be approximately twice 
too thick in comparison with the expected deposited rate of carbon. Therefore, due to the 
limitations of the available techniques, it was impossible to obtain the SEM images of good quality 































Figure 8. The SEM images of the specimens fabricated by sputtering the Al2O3 substrates coated 









Figure 9. The comparing the grain sizes of the specimens deposited using the TD0 and TD1 targets 
 
 










Preface. Even though EDX has certain obstacles and limitations, with some cautions the technique 
can be used for obtaining useful information about the samples. Due to the large penetrating depth 
of X-rays and the small thickness of the layers, a large portion of the information comes from the 
substrates and possibly even from the sample holder in a vacuum chamber of SEM/EDX. Due to 
the fact that only 1-2% of the detected signal in EDX spectra comes from the deposited SiO2, the 
detection of very small concentration of the doped elements would be highly improbable. 
However, because the objective was to compare the switching behavior of samples deposited using 
the different targets, substrates, as well as other parameters, the EDX characterization was 
performed for excluding the possibility of unexpected contamination of samples.    
Interpretation of the results. The overall EDX results were according to expectations. For 
example, it was known that samples on platinum substrate contain Ti and are fabricated on SiO2-
wafer. Also, the titanium nitride substrate is on top of the Si- wafer respectively. In addition, the 
Al2O3 substrate should be pure Al2O3. As a result, the EDX confirms the presence of all these 
elements and even their relative concentrations. In addition, the identification of a small amount 
of Al in the spectra can relate to the sample holder made of aluminum.  However, a trace amount 
of Cu, mostly below the normal detection limit of EDX, can be related to measurement artifacts, 
especially in the control samples and the samples deposited by the TD0 target.  On the other hand, 
the contamination or impurities incorporated during the fabrication cannot be completely 
excluded.  
Figure 11 (a-c) shows the chemical compositions of the control samples without a deposited SiO2 
layer.  In addition to this, Figure 11 (a) shows that platinum is deposited on a Si- rich SiO2 wafer 
because of the atomic ratio of Si:O is not 1:2. This can refer to the fact that there are such localized 
Si –regions in the wafer, or more probably that the original Si- wafer is only partly oxidized below 
the surface. Moreover, the N and O are not detected in samples deposited on the TiN substrate. Of 
course, the EDX technique has difficulties in the detection of light and minor elements. However, 
this result can indicate the presence of metallic Ti or Ti- rich regions in TiN in the location where 










Figure 11. The EDX analysis of control specimens with different substrates (platinum, Al2O3, and 
titanium nitride) i.e. without sputtered SiO2 thin film (in at%) 
 
Figure 12 and Figure 13 show the EDX result for samples deposited using the TD0 target on the 
platinum and Al2O3 substrates.  According to the EDX results from the samples deposited on the 
Al2O3 substrate, the amount of the deposited SiO2 in the signal can be from 0.77 at% to 1.31 at% 
(see Figure 13(a-d). Therefore, these values can be used in the evaluation of the SiO2 amount in 







Figure 12. The EDX analysis of the specimens sputtered using the TD0 target on the platinum 







Figure 13. The EDX analysis of the specimens sputtered using the TD0 target on the Al2O3 
substrate (in at%) 
Figure 14 shows the samples deposited on the platinum and the TiN substrates using the doped 
TD1 target. Due to the complex composition of the samples deposited on the platinum substrate, 
it is difficult to make decisive conclusions based on the results, except for the slight modulation of 
oxygen and Si content under the different conditions. However, the EDX results for the samples 
on the TiN substrate are quite interesting, because referring to Figure 11(c), the samples do not 
contain O or N.  In Figure 14 (c-d), the 6.87-7% at% of oxygen is detected in the samples on the 




the oxidation of the titanium in TiN to TiO2. Also, there are concerns about the decreased amount 
of the detected Si (≈ 92 𝑎𝑡%) in comparison to the control sample (98,71 at%). These results can 





Figure 14. The EDX analysis of the specimens sputtered using the TD1 target on the platinum and 
TiN substrates (in at%) 
Figure 15 and Figure 16 show the samples deposited using doped TD2 targets on the platinum and 




oxygen and silicon modulates slightly in comparison with the controls sample shown in Figure 11 
(a). In addition, the Si content in the sputtered thin film is between 0.7 at% and 1.24% at%, but the 
oxygen content does not modulate in the same proportion. Therefore, it can be suggested that the 
deposited samples on the platinum substrate can have lower oxygen concentration implying Si-
rich SiO2. On the other hand, in a sample deposited on a TiN substrate, a high oxygen content is 
detected. Indeed, the found differences can relate to the limitation of the EDX technique and even 
to the measurement artifacts. However, these results should be kept in mind when evaluating the 




Figure 15. The EDX analysis of the specimens sputtered using the TD2 target on the platinum 






Figure 16. The EDX analysis of the specimens sputtered using the TD2 target on the Al2O3 
substrate (in at%) 
 
3.1.3 XRR 
Preface. The influence of the RF power and the temperature of the deposition on the thickness, 
density, and roughness of SiO2 layers deposited on the platinum, Al2O3 and TiN substrates, was 
studied using the XRR techniques.  The available power of the RF generator is an important 
sputtering parameter influencing the physical properties of the fabricated thin films as well as the 
deposition rate of the sputtering. Knowledge of the actual deposition rate allows controlling the 
thickness of the deposited layer since many features of thin films are dependent on thickness. Also, 
the temperature during the sputtering has a direct influence on the density, roughness, and 




considered. The more ordered the structure of the deposition substrate has, the more regular the 
created layer will be. The last can be seen from how regular the oscillating period in XRR curve 
is. A change in a period of oscillating and the amplitude indicates that the density and the roughness 
are not constant through the layer.  The reflectivity of a rough surface falls off even more rapidly 
and therefore the different slopes of XRR curves for the same deposition condition indicate a 
difference in the roughness.   
Interpretation of the results. Figure 17 shows the XRR analysis of the samples deposited using 
TD0 and TD1 targets on an Al2O3 substrate.  The larger the period of Kiessig fringes is, the thinner 
is the layer. Increasing the RF power from 50W to 150W at the constant temperature of 150C in 
Figure 17 decreases the oscillation period of the Kiessig fringes, indicating that the layer becomes 
thicker with increasing RF power. In addition, it also corresponds to the increasing deposition rate. 
Changing the amplitude means a change in the density, whereas the change of period corresponds 
to the change in thickness. A decrease in the amplitude means increasing the density of the layer.  
Figure 18 shows the XRR analysis of SiO2 deposited on an Al2O3 substrate using the TD0 and 
the TD1 targets at RT and 100C at 150W. The change in the temperature at the constant power 
causes the change in the period and amplitude of oscillation. However, the variability of 
oscillations is high even for exactly the same deposition parameters shown in the insert in Figure 
18 separately.  Indeed, the insert in Figure 18 indicates that the variability in the amplitude and the 
period of oscillation for exactly the same parameters can be higher than for the supposed treatment 
effect like the temperature.    
Figure 19 shows samples deposited using the TD0 target on the platinum and the TiN substrates, 
whereas Figure 20 displays the samples deposited using the TD1 and the TD2 targets. Opposite to 
the samples deposited on the Al2O3 substrate, the layers on the platinum and the TN substrates 
are more irregular because the slope, period and amplitude of the oscillation are changing in the 
same layer.  For obtaining the numerical values, thickness, the roughness, and density of measured 
and simulated curves need to match each other using the fitting software. However, the curves 
with such an irregular shape are extremely difficult to fit using only the standard software.  
Therefore, one can usually see the difference in the measured curves, but at the same time, a 






Figure 17. The XRR analysis of SiO2 deposited on an Al2O3 substrate using the TD0 and the TD1 






Figure 18. XRR analysis of SiO2 deposited on an Al2O3 substrate using the TD0 and the TD1 
targets at the  different temperatures and the  RF power settings. 
Increasing the temperature at the constant power (see Figure 19 a, c) changes the slope of the 
curves. The reflectivity of a rough surface falls off even more rapidly. Therefore, the sample treated 
at a higher temperature has more rough structure and therefore the slope of the curve is larger. In 
Figure 20(a), increasing RF power at a constant temperature creates a less dense structure while 
an increased deposition rate causes a less dense structure of the layer.  Instead, in Figure 20 (c), 
increasing power at constant temperature causes increases in the slope, indicating increased 
roughness. 
In Figure 19 (b, c) and Figure 20 (b, d), the samples deposited on the TiN substrate show less 
sensitivity to the roughness than the samples deposited on the platinum substrate, since the slope 
of the curve changes to a much less extent. However, the amplitude and therefore the density in 
the same samples vary a lot, showing a denser structure near the substrate and a less dense structure 





Figure 19. The XRR analysis of the samples deposited using the TD0 target  on the platinum and 






Figure 20. The XRR analysis of the specimens sputtered using the TD1 and the TD2 targets on the 




Figure 21 shows the XRR analysis two samples deposited using the same setting: 150C and 150W. 
The samples were deposited using the TD0 target on the platinum and the TiN substrates. The 
purpose of this research was not to investigate the variability in fabrication at the same setting. 
Therefore the only limited amount of samples may be compared. Some of the testing procedures 
are destructive, therefore double samples were fabricated for electric and others characterizations 
at different stages of this project. By accident, these samples were fabricated by exact the same 
setting.    It can be seen in Figure 21 that samples deposited on platinum substrates have the larger 
variability than those deposited on the TiN substrates. The most important issue is the variability 
related to the first layers deposited on the substrate.   
Figure 22 shows the XRR analysis of the samples deposited using the TD1 and the TD2 targets on 
the platinum and the TiN at the different temperature and the RF power settings: 150W versus 
100W. The samples deposited on the platinum substrate at RT at 100W and 150W have the 
different amplitude, slopes and period of oscillating fringes. The samples deposited on platinum 
substrates show the higher sensitivity to RF change than that on TiN substrate. 
Figure 23 shows the XRR analysis of the samples deposited using the TD0, the TD1, and TD2 
targets on the Pt substrate at the same settings (150W, 150C, and 50nm-thick layer). It can be seen 
that variability is quite high. The samples deposited on the same substrate at the same parameters 
but deposited using different targets possess different morphological properties. The quality of the 
deposited layer, therefore, depends on the used target.  
Figure 24 shows the XRR analysis of the specimens sputtered using the TD0, the TD1, and TD2 
targets on the TiN substrate at the same settings (150W, 150C, and 50nm-thick layer). It can be 
seen that these samples show less variability than those deposited on the platinum substrate shown 
in Figure 23. Therefore, not only the target but also the substrate, on which thin film is deposited, 
are important.  
Figure 25 shows the XRR analysis of all the specimens sputtered on the Pt and the TiN substrates. 
The overview of all samples deposited on two different substrates confirm the general observation 
during the electrical testing of samples. The samples deposited on platinum and TiN behave 
electrically differently. The XRR curves highlight that intensity is different due to differences in 
electron density. The variability of all the samples deposited on TiN is less than on the platinum 







Figure 21. The XRR analysis of the samples deposited using the TD0 target on the platinum and 







Figure 22.  The XRR analysis of the samples deposited using the TD1 and the TD2 targets on the 







Figure 23. The XRR analysis of the samples deposited using the TD0, the TD1 and TD2 targets 
















Figure 24. The XRR analysis of the specimens sputtered using the TD0, the TD1 and TD2 targets 


















Figure 26 displays the XRD analysis of the different specimens deposited using TD0 target on the 
platinum, the Al2O3, and the TiN substrates.  
The XRD curves are arranged according to the used RF power and the temperature. First of all, 
the penetration depth of X-rays is usually much higher than the thickness of the layers under study. 
As in the case of EDX, most of the signal comes from the substrate itself.  The Al2O3 substrate 
was used as a reference. The aim of the XRD analysis is usually to ensure that the deposited layer 
is amorphous, which means that it should not have any peaks in the XRD spectrum. This is exactly 
the case for all samples deposited on the Al2O3 substrate. Both the substrate and the layer are 
amorphous because the curves contain no peaks. In contrast, the other layers deposited on the 
platinum and the TiN substrates have peaks in their spectra.  These peaks, however, relate to the 
used substrates, and it can be noted that the TiN and the platinum substrates have a different degree 




Figure 26.  The XRD analysis of the different specimens sputtered using the  TD0 target on the 






Figure 27 displays the XRD analysis of the different specimens deposited using the TD1 target on 
the platinum, the Al2O3 and the TiN substrates. 
Figure 27. The XRD analysis of the different specimens sputtered using the TD1 target on the 







Figure 28 displays the XRD analysis of the different specimens deposited using the TD2 target on 
the platinum, the Al2O3 and the TiN substrates. 
 
Figure 28. The XRD analysis of the different specimens sputtered using the TD2 target on the 





 SEM, EDX, XRD, as well as XRR, are analytical tools, which can be useful for material 
characterization. However, the investigation of effects on nanoscales requires the most advanced 
and modern tools. These tools need to be are specifically designed for investigating in nanoscales. 
In addition, the sophisticated devices need to have enough license support from the manufacturer 
of the software.   
In all above-mentioned techniques, only XRR analysis was sensitive enough to catch a change in 
used parameters or treatment. Nevertheless, using XRR requires careful design and systematic 
planning of tests and used parameters in order to obtain meaningful information. When many 
parameters were changed simultaneously, it would be seen also in the XRR response. However, 
the interpretation would be difficult due to the sensitivity of XRR.   
PANalytical provided the used X-rays diffractometer and standard simulation software, which was 
used for the extraction of parameters for the thickness, roughness, and density of thin films. 
However, the used algorithm in the standard version of the software is more suitable for the regular 
layer but not for multilayers and irregular layers. The more advanced software or the 
diffractometers of other manufacturers with related software are able to extract such kind of 
information.  Also using XRD techniques would usually need additional license support when 
more advanced information needs to be extracted.  Nevertheless, XRR and XRD with enough 
software support may very useful for engineering the thin film with properties in demand: the 
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APPENDIX 5  
” STATISTICS” 
TO THE MASTER THESIS “CHARACTERIZATION OF THE 
DOPED SILICON DIOXIDE AND ITS IMPLICATION FOR THE 
RESISTIVE SWITCHING PHENOMENA IN THE 
ELECTROCHEMICAL METALLIZATION CELLS” 
 
1.1 The Exploratory Data Analysis (EDA) 
The EDA is short for the exploratory data analysis, which is a way of doing the data analysis and 
the state of mind.  The EDA highlights the importance of the visualization of data, includes the 
randomness, and is open to the alternative explanations of data (Hartwig & Dearing 1979). 
The EDA bases on the principles of the openness and the skepticism. The openness means the 
freedom to make the data reexpression in order to find the unanticipated patterns. Moreover, the 
skepticism in the EDA means the skepticism toward the statistical summaries, which often rely on 
an assumption about the data, such as normality in the distributions or linearity of the relationships, 
for example.   The openness and the skepticism principle in the EDA means the possibility of the 
alternative modeling, emphasizing the data visualization on the basis of the resistant statistics, 
which does not change when outliers are added (Hartwig & Dearing 1979).  
Exploring the data helps to discover the unexpected patterns. The specific nonlinear relationship, 
for example, can only be found by looking at the data and discovering what type of  relationship 
is there and then comparing it with the theoretical expectation. The alternative models and the 
explanations of the relationship between the variables should every time be considered (Hartwig 
& Dearing 1979).   
The EDA has no restrictions on the procedures to be used.  EDA’s objective is to find interesting 
indications in the data.   Opposite to the EDA, the conventional methods of the mathematical 
statistics emphasize the sampling distributions, the models, and the hypothesis testing, which are 
rarely applicable to the real data. The EDA means learning from the data. However, there is no 
clear border between the statistics and EDA (Morgenthaler 2009). 
In the EDA, the most fundamental concepts are 𝑑𝑎𝑡𝑎 =  𝑠𝑚𝑜𝑜𝑡ℎ +  𝑟𝑜𝑢𝑔ℎ. The data smooth is 
a simplified structure, the pattern or regularity in the data. The data smooth should be extracted 
from the data while the data would almost never match the smooth. The rough is the difference 
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between the measured data points and the smooth.  First, the data is studied to discover the smooth, 
then from the data, models are generated, which then are compared to the theoretical model 
(Hartwig & Dearing 1979).  
There are no differences in the EDA for the multivariate, the univariate, and the bivariate analysis. 
The underlying point in all three is to get to know your data. Data analysis should be a 
confrontation between theory and data (Hartwig & Dearing 1979). In the exploratory multivariate 
analysis, each variable should be linearized and implicitly understood, as well as the relationships 
between all pairs of the variables. In addition, the multivariate relationships should be based on 
the bivariate relations by the additional explanatory variables with the smooth and the successive 
rough. The causal implications should be drawn from the relationships between the parts of the 
roughs (Hartwig & Dearing 1979).  
The re-expression is simply the use of a numeric scale of the measurement other than the one on 
which a variable was originally recorded, and this is accomplished by the transforming of the 
observed data points using some arithmetic function (Hartwig & Dearing 1979). First, the re-
expression is an efficient way to handle the non-normal distributions. Also, the re-expression can 
linearize the scatter plots. However, the non-normality and the non-linearity often go hand in hand 
and, because of this, the re-expression is a useful response to both problems (Hartwig & Dearing 
1979). 
There are linear and nonlinear transformations of the data during the re-expression. After the linear 
transformation, a plot of the new values against the original ones will be a straight line. In contrast 
to a linear transformation, transforming a variable by logs, roots, power, and exponentials will 
change relative distances between data points, modifying the shape of the distributions.  However, 
simple transformations are preferable to more complex ones (Hartwig & Dearing 1979).  
If the data is positive, then re-expressing in the logarithmic scale can be useful.  Other functions 
can be implemented for the re-expression such as the square, the square root, and the inverse values 
(Morgenthaler 2009).  
During the transformation of the data, the numerical values, the relative distance between them, 
and the rank order of the value can change. The linear functions for the transformation are the 
simplest because they only affect the numerical values. In contrast, squaring a set of positive 
number will not only assign the different numerical values, but it will also change the relative 
distance between them (Hartwig & Dearing 1979).  
The box plots are one of the most implemented methods of EDA. The data is defined by two 
extremes (E), the median (M), and two hinges (H). H-spread shows the batch variation. The 
whiskers start from the box and continue to the extremes (E).  Whenever several batches of the 
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number are available, the box plots in parallel is very useful for the visualization of the information 
(Morgenthaler 2009).  
1.2 Traditional statistics 
General notes. The goal of scientific research is creating a new as well as reproducible knowledge 
through independent experiments (Vaux et al. 2012), which does not occur by chance or 
coincidence (Chow 2010). However, there is an important difference between the replicate and the 
independent repeat of the experiments. While the replicates are important for the quality controls, 
the testing of the statistic hypothesis should be done through the independent experiments (Vaux 
et al. 2012).  If the results from one representative experiment are made, then n = 1 and statistics 
does not apply despite the large amount of replicates (Vaux 2013).  Moreover, the difference 
between the treatments can be attributed to the specific parameter if and only if there is only one 
factor of the difference in the treatment. In addition, the alternative interpretations of a result 
should always be made (Vaux et al. 2012). Finally, the generalizations of the results can be made 
only about the population from which the samples were taken (Persaud 2010; Vaux et al. 2012).  
ANOVA. The repeated measurements under the different treatment conditions can be, inter alia, 
plotted or analyzed using the univariate ANOVA (the analysis of the variance) designs, for 
example (Gurevitch & Chester 1986; Keselman et al. 2001; Oberfeld & Franke 2013; Westgate & 
Burchett 2017).  Nevertheless, the violation of the assumptions on which ANOVA is based can 
mistakenly claim the positive treatment effect when it in fact does not exist (Type I 
error)(Keselman et al. 2001; Pole & Bondy 2010; Oberfeld & Franke 2013; Westgate & Burchett 
2017). The ANOVA is sensitive to the violation of the equality of the group size (Keselman et al. 
2001) , the normality assumption (Oberfeld & Franke 2013), the small size of data (Westgate & 
Burchett 2017) and the independency of the repeats (Pole & Bondy 2010; Ranstam 2012).  
The conventional ANOVA statistics assume the equal group size. However, the real measured data 
not always complete and can be missing. Thus, the groups can be unequal for the different reasons. 
The dropout of the data can be random, unpredictable and independent of the individual 
characteristics or the treatments or predictable in some way and dependent from the parameters or 
the treatment (Keselman et al. 2001). Moreover, increasing the sample size does not guarantee the 
robustness and the low level of Type I error, when the data is non-normal and correlated (Oberfeld 
& Franke 2013). The requirement of the data independence is difficult to achieve in practice.  
Moreover, when the independent repeats and replicates are confused in analysis, the incorrect 
variability and the degree of freedom or required number of observations can be chosen (Ranstam 
2012), with a consequence of a false positive result    (Pole & Bondy 2010; Ranstam 2012). 
Therefore, the specific type of data usually needs most appropriate and suitable statistic techniques 
for the analysis (Looney & Stanley 1989). Some others ANOVA-type statistics is more robust to 
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the violations of the assumptions (Keselman et al. 2001). The univariate ANOVA analysis assumes 
that the variables are independent whereas the multiple measurements are often correlated 
(Gurevitch & Chester 1986). 
The testing of the statistical hypothesis usually requires the normal (or Gaussian) distribution 
(Miller & Miller 1988; Pole & Bondy 2010), the independence, and the common variance (Pole & 
Bondy 2010). The common variance implies that the samples have similar variability (Pole & 
Bondy 2010). However, the real data can be distributed non-normally and be skewed (or 
asymmetric), which would mean that the observed values do not have random variability, and it 
might be a result of the unidentified systematic influence (Pole & Bondy 2010). According to the 
Central Limit Theorem,   sampling distribution for the mean values of the data, which is non-
normally distributed, tends to normalize as n increases (Miller & Miller 1988). However, the 
increase in the size of the data increases the variability (Bland & Altman 1996).  
The variability in the repeated experiments can be partly controlled by the randomization, the 
blocking, the replication, and the design of the experiments.  The reproducibility of the average 
should not be confused with the response of the sample, which can be quite variable (Altman & 
Krzywinski 2015).   
The careful design of the experiments can minimize both the systematic and the random errors 
during the experiments. The random error affects the repeatability or precision while the 
systematic error has a direct impact on the accuracy. The random error causes the random 
fluctuation in the measurement value around the mean value whereas the systematic error causes 
the fluctuation of the result around a central value in a particular pattern (Miller & Miller 1988). 
The box plot. A box-and-whisker plot or simply the box plot can display the parallel groups of the 
data through their medians, means, quartiles, minimum and maximum, as well as the distribution 
and the symmetry of data. In the normally distributed data, the box is symmetric with the mean 
line located close to the median. For a non-normal distribution, the skewness can be detected from 
a box plot (Liu 2008). A distribution is skewed if one of its two tails is longer than the other. The 
median is more robust than the mean value in the presence of the outliers and if the distribution is 
skewed (Salkind 2010b). However, the length of the box plots, sometimes, can be interpreted 
erroneously due to the different length of the whiskers (Salkind 2010a). Also, the area of the box 
is frequently misinterpreted as the frequency or proportion of the observations. However, it is the 
density or the relative spread of the data within each interval (Lem et al. 2014). The variability can 
be easily identified by looking at the length of the box in the box plot. The longer boxes illustrate 
the greater variability around the median (Salkind 2010a). 
Choice of suitable statistic methods for data analysis. The choice of suitable statistic method 
depends on quality and type of available data and also on purposes of research. Moreover, when 
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the statistical analysis needs to be performed, it should be taken into account at very early stage of 
research planning. The limitations can be financial or related to the availability and cost of used 
devices and materials. The statistical analysis needs to have enough amount of replications and 
repeats appropriate to the specific type of statistical analysis. 
 In our cases, not all materials were available for testing and the non-equivalent amount and 
asymmetric data was created. Also, the first analysis reveals, that obtained data was asymmetric, 
skewed and non-normally distributed. In addition, the variability and scattering of data was 
extremely high numerically and physically, if one has a look at different curves. Also, despite the 
significant efforts (time and experimental trials), a lot of data was simply missing, because the 
sputtering device continuously stops to work due to overheating. The request to decrease the 
number of repeats (related to different parameters) and increase the number of replications was 
declined.  Moreover, generated data was large, however, not enough to perform the classical type 
of statistical analysis.   
Therefore, another statistical and graphical method such as EDA was chosen in order to perform 
the statistical analysis. EDA method as exploratory data analysis is more convenient to the first 
analysis of unstable, distorted and non-normally distributed data.  If the data is normally distributed 
at least in some part, then classical methods can be used. Anyways, EDA together with suitable 
graphical software like MATLAB is a very powerful tool to reveal the unexpected pattern. It can 
be used alone or even together with classical methods.  
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Figure 1 displays the box plots comprising the electroforming data of the memory cells with the 
size of 100µmx100µm deposited using the different targets on the platinum substrate.  
Figure 1. The electroforming voltage of the ECM cells deposited using all three targets on the 
platinum substrate at 100C:  100µmx100µm     
 
Figure 2 shows the electroforming data for the memory cells with the size of 50µmx50µm 
deposited using the different targets on the platinum substrate. 
Figure 2. The electroforming voltage of the ECM cells deposited using all three targets on the 
platinum substrate at 100C:  50µmx50µm 
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Figure 3 and Figure 4 show the electroforming data of the memory cells with 100µmx100µm 
and 50µmx50µm sizes for the samples deposited on the TiN substrate.   
 Figure 3. The electroforming voltage of the sample deposited using the TD1 target on the TiN 












Figure 4. The electroforming voltage of the samples deposited using the target TD1 on the 




Figure 5. The electroforming voltage of the samples deposited on the TiN substrate arranged 





Figure 6. The distribution of the electroforming data of the 20 nm- and 50nm- thick samples 




Figure 7. The distribution of the electroforming voltage for the 100µm x100µm memory cells 













Figure 8. The distribution of the electroforming voltage for the 50µm x50µm memory cells 





Figure 9.The electroforming voltage of the samples deposited using the TD0 target on the 
platinum substrate. 
 





Figure 11. The electroforming voltage of the samples deposited using the TD1 target on the 
platinum substrate 
 




Interpretation of results. In Appendix 6, Figures 1-12 represent the obtained data using median 
with corresponding box plots. In Section 3.2.1 of Master thesis, the same data was represented 
using mean and standard deviation.  
The overall impression is that there is no consistent trend in electroforming data due to different 
mean or median as a result of certain treatment. However, few indirect trends can be noticed.  
First, data is non-normally distributed and skewed with very large statistical variability, which can 
be seen from different sizes of box plots.  Non-normally distributed data with non-equivalent size 
of standard deviation makes the testing of statistical hypothesis near impossible.  Therefore, an 
alternative approach using the Exploratory Data Analysis instead of classic ANOVA was 
implemented. 
Second, there is a lot of missing electroforming data associated with samples deposited on Pt 
substrate in comparison to TiN substrate. Also, the electroforming voltage of samples deposited 
on Pt substrate was higher than for samples deposited on TiN substrate. 
Third, of course, the observed trend can be related to the non-equivalent sizes of data for samples 
deposited on Pt and TiN substrates. However, the different behavior of samples deposited on 
different substrates can be associated with different nanostructure, roughness, morphology, 
porosity, and conductivity of deposited layers, as it can be seen from XRR analysis in Appendix 
4.  
Fourth, the inequality of data size for different substrates as well as a non-random choice of 
parameters with correspondent missing data makes the statistical comparison difficult due to a 
large amount of possible parameters which could affect the result.  
Fifth, addition of doping element 1 deposited using the TD1 target seems to introduce the 
instability to the conductive filament, which can be seen from Figure 13 and Figure 14 in Section 
3.2.1 of Master thesis. Eliminating of an electroforming stage, as a result of layer doping, could 
not be tested due to a large amount of missing data. Here, missing data means that the ECM cells 
were very conductive immediately after application of positive bias. This result suggests that 
adding of doping element in the used concentration increases the conductivity of a switching layer, 
however, in a larger extent than it is necessary. As a result, the resistive state or the OFF state 
degenerates, which causes the increase in amount of missing data.   
Sixth, to avoid the instability of conductive filaments shown in Figure 13 and Figure 14 in Section 
3.2.1 of Master thesis electroforming and switching voltage was increased. Increasing voltage is 
supposed to strengthen the conductive filament. However, this causes the corresponding increase 
in a mean value of electroforming voltage.  Also, the severely electroformed ECM cell cannot 
switch further as a result of a very thick conductive filament. Therefore, useful settings for 
electroforming and switching of ECM cell are very narrow. Very low voltage creates a weak 
filament causing instability in current-voltage characteristics. Very high electroforming or 
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1. I-V CHARACTERISTICS 
1.1 The undoped TD0 target 
Figure 1 shows the I-V curve corresponding to the 10-nm-thick sample deposited using the TD0 
target on the platinum substrate at 100C. The sample was biased with the current compliance of 
1mA asymmetrically with a voltage of +1V/-0.5V. At the negative bias, the behavior of the 
memory cell in Figure 1 is different, because the dissolution curve is the straight vertical line with 
a slight slope not until zero but approximately until 0.3mA and 0.2V. Therefore, the filament 
dissolves partly after the applying negative bias. After that, the current drops continuously with 
the increasing voltage until 0.1mA and 0.5V. Even after that then the filament stays ohmically 
conductive until zero, however with a different slope.  
The change of the slope of the straight line can indicate that the resistance is changed due to the 
change of the filament’s geometric parameters. This relates to the first and last stage of the current-
voltage curve on the negative side, denoted by blue arrows in Figure 1.  These regions exhibit 
clearly ohmic conductive behavior. The first region denoted by bold blue arrows exhibits positive 
differential resistance when the current and voltage grow (∆𝑖 > 0 and  ∆𝑣 > 0). The second region 
denoted with normal blue arrow exhibits positive differential resistance when both current and 
voltage drops (∆𝑖 < 0 𝑎𝑛𝑑 ∆𝑣 < 0).  
Between these ohmic regions, there is a transition region with two distinct behavior and different 
slopes. It can be seen that the filament does not dissolve directly but through the different steps as 
denoted with green and yellow arrows. In addition, the fact that part of the curve (yellow arrow) 
is not smooth can indicate the surface oxidation of the metallic filament, for example.   
In addition, both regions denoted by green and yellow arrows can be also the indication of negative 
differential resistance, when the current drops (∆𝑖 < 0) while the voltage grows (∆𝑣 > 0) at 
negative bias between -0,1V and -0.5V.   
The presence of regions exhibiting the negative differential resistance, as well as  dissolution of 
the conductive filament through different steps, contradict with a classical explanation of 
dissolution of the metallic filament directly after applying negative bias. These different steps can 
also indicate that solid- state device (ECM) undergoes the chemical reaction at negative bias. Such 
a chemical reaction can be the oxidation of the metallic filament after partial dissolution. This is 
consistent with the small current at higher voltage bias in the region denoted with a normal blue 
arrow in Figure 1.  
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This, in turn, contradicts to a memristic explanation of ECM cells as a passive electronic device. 
In this case, the memory cell should be defined as an active device if the device undergoes the 
chemical reaction during switching according to the definition proposed by Prof. Leon Chua.  
 
Figure 1. The current-voltage curve corresponding to the 10-nm-thick sample deposited using the 
TD0 target on the platinum substrate at 100C and biased with the current compliance of 1mA and 
the asymmetric voltage bias +1V/-0.5V.  
Figure 2 displays the example of the current- voltage curve corresponding to the 30-nm-thick 
sample deposited using the TD0 target on the platinum substrate at 100C and biased with the 
current compliance of   2.5∙10-4A and the asymmetric voltage +1V/-0.5V. However, the curve has 
vague shape without the horizontal line of the current compliance. At the positive bias, the cell is 
OFF until 0.2V. Such type of curves can often be observed in the VCM memory cells, where the 
conduction is usually attributed to the oxygen vacancies.  
On a linear scale, this vague curve in Figure 2 is obviously non-ohmic, because it is not a straight 
line at this scale.  In this particular ECM cell and with these biasing parameters, such a behavior 
may indicate that a conductive path is not metallic. This contradicts with the classical explanation 
that ECM cell can conduct only due to the creation and dissolution of the metallic filament.  
In addition, the curve does not follow the limitation of current compliance. The cell starts to 
conduct after approximately +0.2V. During the backward sweep between +1V and +0.75V, the 
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curve has a region with possibly negative differential resistance when the current grows (∆𝑖 > 0) 
and voltage drops (∆𝑣 < 0).  
 
Figure 2. The current- voltage curve corresponding to the 30-nm-thick sample deposited using the 
TD0 target on the platinum substrate at 100C and biased with the current compliance of 2.5∙10 -
4A. 
Figure 3 displays the current-voltage curve corresponding to the 10-nm-thick sample deposited 
using the TD0 target on the platinum substrate at 100C and biased with the current compliance of 
5mA and the voltage bias of +0.5V/-0.5V. However, the cell does not follow the limitation of the 
current compliance, because the corresponding horizontal line is missing. The cell is in the ON 
state immediately after the applying of the positive bias. The curve is mostly ohmic, however with 
the hysteresis consisting of the straight lines of the different slopes, which indicates the change of 
the resistance due to the changing of the geometric parameters of the filament. 
 In Figure 3, there is a non-ohmic conduction region between +0.4V and +0.5V. In addition, there 
is a region where the current grows at almost constant +0.4V and where the current exhibit 
saturating non-linear growth between +0.4V and 0.45V. Between +0.45V and +0.48V, the curve 
can be approximated as a straight line again. At +0.48V, the current start to grow whereas the 
voltage stays almost constant. Therefore, it can be stated that ECM cell shows a quite complex 
conductive behavior and undergoes the transition between different resistive states. This may refer 
to a chemical reaction like the oxidation of the metallic filament, which can explain the existence 
of negative differential resistance together with regions, where the current is almost independent 













Figure 3. The current-voltage characteristics of the 10-nm-thick sample deposited using the TD0 
target on the platinum substrate at 100C and biased with the current compliance 5mA 
Figure 4 displays the current-voltage curve corresponding to the 10-nm-thick specimen deposited 
using the TD0 target on the platinum substrate at 100C and biased with the current compliance 
1µA and voltage of +0.6V/-1V. The curve is unstable near the zero voltage and the current 
implying that the electrodes are disconnected near zero. Then, the memory cells are electroformed 
at the negative bias creating the metallic filament again.  Such a switching type may be de defined 
as unipolar, however without the applying of the large current or voltage.  
The instability of the metallic filament shown in Figure 4 can indicate the presence of the 
mechanical stress alone or together with the electric stress associated with a change of bias polarity. 
Such a mechanical stress may be tensile in a very fine metallic filament. The presence of 
mechanical stress is supported by the fact, that the filament is unstable near the zero point at a low 
electric field. In addition, the tensile strength of thin metallic filament may explain the abrupt 
transition to OFF state at approximately +0.05V. 
Moreover, the fact, that the ECM cell can create the conductive filament again after applying 
negative bias contradict the classical explanation of ECM, which may undergo only the 
electrochemical dissolution of the metallic filament after applying the negative voltage. However, 
it worth noting that the shape of the curve depends on using current and voltage. Here, the metallic 
filament created using the voltage bias of +0.6V was very weak and unstable, because the cell was 
OFF at +0.05V without applying the negative bias. Using a negative bias of -1V is explained by 
the fact that this was only one of continuously random series testing trials devoted to finding the 
conditions where the conductive filament would be stable at least directly after the applying of 
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negative bias. An additional requirement was that the created filament should not be, however, 
very strong, in order to avoid the short-circuiting of ECM cell.  
In addition, even applied bias is slightly asymmetric on the negative side +0.6V/-1V, the actual 
current-voltage curve was near symmetric +0.6V/-0.6V.  Therefore, the asymmetry, existing in 
ECM cell may be overcome by slight over-biasing on the negative side. In this particular case, 
using a small negative bias causes the ECM cell to stack in the OFF state at a negative bias, because 
the cell was already OFF on the negative side. 
 
Figure 4. The current- voltage characteristics of the 10-nm-thick sample deposited using the 
TD0 target on the platinum substrate at 100C and biased with the current compliance 1µA and 
the voltage of +0.6V/-1V.  
 
1.2 The TD1 target doped with one doping element 
Figure 5 shows the memory cell from the same sample biased with the symmetric current 
compliance of 10−5𝐴 at the asymmetric voltage bias of 2V/-0.5V. The current on the negative side 
does not follow the limiting current compliance because the horizontal line is missing. Once more, 
the filament is supposedly dissolved immediately after the changing of the polarity at -0.05V, and 
then, the cell continues to conduct, however, non-ohmically with negligible hysteresis between      
-0.05V and -0.5V, because the curve is not a straight line on a linear scale. This non-linear region 
can be explained by the oxidation of the rest of metallic filament, which was not completely 




Figure 5. The I- V curve corresponding to the 30-nm-thick sample deposited using the TD1 target 
on the TiN substrate at 100C biased with the symmetric current compliance of 10-5A at the voltage 
2V/-0.5V. 
Figure 6 displays the current-voltage curve corresponding to the 30-nm-thick sample deposited 
using the TD1 target on the TiN substrate at 100C and biased with the positive current compliance 
of 10−5𝐴 and the negative compliance of 10−4𝐴 at voltage +1.4V/-0.6V. The cell conducts 
ohmically on the negative side between 0V and -0.005V. Between -0.005V and -0.065V, the cell 
exhibits the small region of negative differential resistance, where current drops while the voltage 
growth. Between -0.065V and -0.085V the cell conducts ohmically again because the curve 
becomes a straight line. At approximately -0.1V, there is a small region, where the current is near 
independent of voltage. After that, the cell undergoes many gradual sub-steps between -0.1V and 
-0.39V. This behavior may indicate a changing the ohmic resistance as a result of the change in 
the geometric parameters such as the area of the filament, for example.  
Then, the cell in Figure 6 makes the abrupt transition between -0.39V to -0.5V to the more resistive 
state and start to conduct completely non-ohmically with the completely curved line until zero. 
Such a type of the curve at negative bias can be also observed in TiO2-type of the cell, which is, 
however, the VCM type of cell. Such behavior can correspond to the possible oxidation of the 
metallic filament. After oxidation, the conductive part starts to conduct in a semiconductive way, 
implying that the conductivity with the corresponding number of the charge carriers decreases with 
the decreasing of the voltage. Such a behavior implies that the current and voltage are 




Figure 6. The current- voltage characteristics of the 30-nm-thick sample deposited using the TD1 
target on the TiN substrate at 100C and biased with the positive current compliance of 10-5A and 
the negative compliance of 1.2∙10-4A at voltage of +1.4V/-0.6V 
Figure 7 shows the current-voltage curve corresponding to the 30-nm-thick sample deposited using 
the TD1 target on the TiN substrate at 150C and biased with the current compliance of 10-6A and 
with the voltage of +4V/-5V. Both the positive and the negative sides are close to being symmetric. 
The switching behavior is unipolar. The filament is supposedly metallic due to the abrupt change 
from the OFF to the ON state at both the positive as well as the negative bias.  In fact, the cell 
electroforms on both sides.  Despite the relatively large electroforming voltage, the filament is still 
unstable and the opposite electrodes are OFF near zero voltage. At the negative bias, the cell is 
electroformed again.  
The reason for the instability of the metallic filament cannot be assumed due to the large electrical 
stress.  The aim of using the large electroforming voltage was to create the metallic filament, which 
is stable and strong. The additional condition is that the relatively strong filament can be dissolved 
at the negative bias. The observed instability of the filament near zero point of the current and the 
voltage can be explained either as being due to the change of the polarity near zero point or with 
the presence of the mechanical stress inside the layer during the switching. The shape of the curve 
implies that conduction between +0.5V and 0V is not ohmic. This can be explained as a surface 
oxidation of the metallic filament, for example. The oxidized surface and metallic core of the 
filament have different mechanical properties. The hard oxide may exert compressive stress on the 















Figure 7. The current- voltage characteristics of the 30-nm-thick sample deposited using the TD1 
target on the TiN substrate at 150C and biased with the current compliance of 10-6A and with the 
voltage of +4V/-5V. 
 
Figure 8 shows the behavior similar to that in Figure 9, with more abrupt and sudden transition 
from the ON to the OFF state with the disconnection of the opposite electrodes. Such behavior, for 
example, can be explained by the presence of tensile stress inside the metallic filament.  It is worth 
noting that this instability of the supposedly metallic filament is observed despite the quite large 
positive +4V and negative -5V bias. The cell was electroformed hardly on both sides but the 













Figure 8. The current- voltage characteristics of the 30-nm-thick sample deposited using the TD1 
target on the TiN substrate at 150C and biased with the current compliance of 10-6A and with the 
voltage of +4V/-5V 
 
Figure 9 shows the threshold like switching behavior with a supposedly semiconductive response. 
The transition from the OFF to the ON state is not abrupt, which implies that the filament is only 
partly metallic. At the end of the positive cycle, the cell is OFF near zero again.  Then, at the 
negative bias, the cell is electroformed at -3.7V, but at -3V it starts to conduct non-ohmically with 
a circular-like curve, which implies an exponential correlation between the current and the voltage 
and refers perhaps to the filament oxidation. After that, the conduction can be explained as 
occurring through the semiconductive oxide.   This contradicts with a classical explanation of 
ECM cell behavior at negative bias. Here, first, the cell is electroformed from the OFF state. Then, 
the shape of the curve implies that metallic filament perhaps oxidizes. In this particular case, the 







Figure 9. The current- voltage characteristics of the 30-nm-thick sample deposited using the TD1 
target on the TiN substrate at 150C and biased with the current compliance of 10-6A and with the 
voltage of +4V/-5V. 
Figure 10 shows the threshold-like type of switching behavior with the supposedly metallic 
filament. The transition from the OFF to the ON state is abrupt. The region in curves with ohmic 
behavior are the straight lines with slightly different slopes.   The current compliance was 
symmetric with 1.1 ∙ 10−5A and the asymmetric voltage of +2V/-1V. The cell shows the instability 
of the metallic filament in the middle. This can be explained by threshold type of switching or 
even by the presence of mechanic stress.   
In Figure 10, the applied bias was not small, which implies that, in fact, the metallic filament should 
not be very weak. Therefore, the threshold –like switching behavior is more probable for the 
explanation of such a curve shape. In addition, the blockade of ionic transport in nanoscale until a 
specific threshold voltage is achieved could be also a reason for such an effect. The existence of 
the threshold voltage may imply that the energy barrier to the ionic transport needs to be 
considered.  
Figure 11 shows the curve without a well-defined OFF state at the positive bias. The cell is in the 
conductive mode with a small hysteresis directly after the application of positive bias. Such 
memory cells, which are immediately conductive after applying a bias, cannot be electroformed.  





voltage grows. These small regions of perhaps differential negative resistance were frequently 
observed in curves at positive bias. 
 
Figure 10. The current- voltage characteristics of the 30-nm-thick sample deposited using the TD1 
target on the TiN substrate at 100C and biased with the positive current compliance of 1.1∙10-5A 
and the negative compliance of 1.1∙10-5A at the voltage of +2/-1V. 
 
 
Figure 11. The current-voltage characteristics of the 30-nm-thick sample deposited using the TD1 
target on the TiN substrate at 100C and biased with the positive current compliance of 3∙10-4A 




Figure 12 displays the I-V curve corresponding to the 50-nm-thick sample deposited using the 
TD1 target on the TiN substrate at 100C. The cell is conductive immediately after applying positive 
bias implying the existence of a metallic path. However, the opposite electrodes are disconnected  
at +0.18V. The decrease in current with an increase in voltage can indicate the presence of negative 
differential resistance. Then, after 0.22V, the cell starts to conduct again, however, with a non-
metallic fingerprint. At the backward direction, the cell was OFF again and was electroformed on 
the negative side. 
 
 
Figure 12. The current- voltage characteristics of the 50-nm-thick sample deposited using the TD1 
target on the TiN substrate at 100C and biased with the positive current compliance of 10-4A and 
the negative compliance of 1.1∙10-4A at a voltage of +1/-1V. 
Figure 13 displays the I-V characteristics corresponding to the 30-nm-thick sample biased with 
the positive current compliance of 3 ∙ 10−4𝐴 and the negative compliance of 1.5 ∙ 10−4𝐴 at the 
voltage of +1.4V/-0.4V. On the negative side, the straight line corresponding to the metallic 
filament previously created at the positive bias changes the slope several times. It can indicate the 
change in the resistance due to the change in  the geometric parameters of the metallic filament in 
a stepwise manner. 
Figure 14 shows two successive sweeps of the memory cell with similar behavior as shown in 
Figure 13. The second sweep in the same memory cell is shown with blue arrows. After the first 
sweep, the cell is immediately ON with the metallic type of curve. However, the negative part of 






Figure 13. The current- voltage characteristics of the 30-nm-thick sample deposited using the TD1 
target on the TiN substrate at 100C and biased with the positive current compliance of 3∙10-4A 
and the negative compliance of 1.5∙10-4A at the voltage of +1.4V/-0.4V 
 
 
Figure 14. The current- voltage characteristics of the 30-nm-thick sample deposited using the TD1 
target on the TiN substrate at 100C and biased with the positive current compliance of 3∙10-4A 
and the negative compliance of 1.5∙10-4A at the voltage of +1V/-0.4V 
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1.3 The TD2 target doped with two doping elements 
 
Figure 15 displays the current- voltage characteristics of the 50-nm-thick sample deposited using 
the TD2 target on the Pt substrate at 100C and biased with the positive and the negative current 
compliance of 10-6A at a voltage of +2/-5V. The memory cell exhibits the degraded bipolar 
switching near zero on the negative side. Then, the cell electroforms on the negative side again. 
Here, there is a small region of perhaps negative differential resistance, where the current growth 
while the voltage drops.  
Figure 16 shows the current-voltage characteristics of the 5-nm-thick sample deposited using the 
TD2 target on the platinum substrate at 100C and biased with the positive current compliance of 
3 ∙ 10−6𝐴 and the negative compliance of 6 ∙ 10−6𝐴 at the voltage of +0.5/-0.5V. The cell shows 
the threshold-like behavior. The cell does not follow the limitation of the current compliance on 
the negative side and only touches the limitation on the positive side. 
 
 
Figure 15. The current-voltage characteristics of the 50-nm-thick sample deposited using the TD2 
target on the Pt substrate at 100C and biased with the positive and the negative current compliance 






Figure 16. The current-voltage characteristics of the 5-nm-thick sample deposited using the TD2 
target on the platinum substrate at 100C and biased with the positive current compliance of   3∙10-
6A and the negative compliance of 6∙10-6A at the voltage of +0.5/-0.5V. 
Figure 17 shows the I-V curve corresponding to the 50-nm-thick sample deposited using the TD2 
target on the platinum substrate at 100C and biased with the positive and the negative current 
compliance of 10−6A  at the voltage of +5V/-5V. The cell stacks on the negative side. The cell 
conducts but does not switch. The performance degrades due to the formation of a very strong and 
supposedly metallic filament. Here, the frequently seen problem of instability of the metallic 
filament in samples was attempted to resolve by the formation of the stronger filament, which, 
however, caused degrading the switching behavior in ECM cell. The next sweep of such a cell 
causes the short-circuited type of curves as may be observed in Figure 18, for example.  
Figure 18 displays the typical short-circuiting curves, which can be frequently seen in both the 
electroforming and the switching test. Such cells cannot be electroformed because they do not have 
a well-defined resistive OFF state. Such a cell does not switch because it conducts ohmically 
without any type of hysteresis. In such cases, the galvanic contact between the opposite electrode 
is very strong and the metallic filament short-circuits them.  To avoid this frequently seen failure 
mode, the repetitive cyclic loading intended to provoke the fatigue of the metallic filament was 
implemented, however, without success. The idea was to test the bipolarity as it was defined in 
literature for the ECM cell. The metallic filament dissolves and disconnects the opposite electrodes 




Figure 17. The current- voltage characteristics of the 50-nm-thick sample deposited using the TD2 
target on the Pt substrate at 100C and biased with the positive and the negative current compliance 
of 10-6A at the voltage of +5V/-5V. 
 
Figure 18. The current- voltage characteristics of the 5-nm-thick sample deposited using the TD2 
target on the platinum substrate at 100C and biased with the positive and negative current 
compliance of 10-5A at the voltage of +0.5/-0.5V. 
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Figure 19 shows the I-V curve corresponding to the 30-nm-thick sample deposited using the TD2 
target on the TiN substrate at 100C and biased with the positive and the negative current 
compliance of 10−6A  at the voltage of +1V/-5V. Part of the I-V characteristics is a curved line 
with the non-abrupt shape implying the partly non-ohmic behavior.  
Figure 20 displays the I-V curve corresponding to the same sample as in Figure 19 biased with the 
positive and the negative current compliance of 10−6𝐴  and the slightly different voltage of +2/-
5V. The cell shows the instability, however, on the negative side. It displays the bipolar switching 
until 0.6V and then it starts to electroform again. 
Figure 21 displays the I-V curve corresponding to the same sample as in Figure 20 biased with the 
same current compliance and the voltage, however, with the threshold-like behavior. The cell 
shows the non-ohmic type of conducting, with the semiconductive fingerprints despite the same 
biasing parameters as in Figure 20. The shape of the curve is circular-like on a linear scale. This 
shape can be explained by the oxidation of the metallic filament or more likely due to the oxidation 
of both dopant 1 (D1) and metallic filament. However, not only non-metallic type of conduction 
is observed here but also the threshold-like type of switching, which implies a blocked or restricted 
ionic transport until a specific threshold voltage is achieved.  
 
Figure 19. The current-voltage characteristics of the 30-nm-thick sample deposited using the TD2 
target on the TiN substrate at 100C and biased with the positive and the negative current 




Figure 20. The current -voltage characteristics of the 30-nm-thick sample deposited using the  
TD2 target on the TiN substrate at 100C and biased with the positive and the negative current 
compliance of 10-6A  at the voltage of +2/-5V. 
 
Figure 21. The current-voltage characteristics of the 30-nm-thick sample deposited using the TD2 
target on the TiN substrate at 100C and biased with the positive and the negative current 







Interpretation of results. As it can be seen from above-mentioned figures, there is a wide variety 
of the observed switching behavior of different types. The differences lie not only in used 
fabrication or testing parameters but also in completely different switching behavior even in the 
same sample. The variability in switching was so high that it was impossible to attribute only one 
type of a switching response to the specific target. In this Appendix 7, only a small amount of 
different types of behavior in ECM cells is presented. The threshold –like switching behavior is 
separately represented in Appendix 9.  
In general, there was a problem with the instability of the conductive filament either due to the 
presence of mechanical stress, the negative differential resistance or due to threshold-like 
switching behavior. In addition, the existence of the circular-like shapes of curves can imply the 
oxidation of the conductive filament. It seems that description of the behavior of ECM cell at 
negative bias as the only electrochemical dissolution of the metallic filament depicts the behavior 
of ECM cell badly. The ECM cell undergoes the different type of transition between resistive states 
indicating that the chemical reaction should occur in ECM cell. Neither the differential negative 
resistance nor the circular-like shape of the curve cannot be attributed to the conductive filament 
with pure metallic form.  
In addition, the overall impression was that all samples deposited by doped and pure SiO2 target 
were very conductive. In many cases, adding of dopants (TD1 or TD2) to SiO2 causes the complete 
degradation of the resistive OFF state in ECM cell.  Such a cell can be neither electroformed nor 
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1. R-V CHARACTERISTICS 
The OFF state refers to the resistance of the ECM cell directly after applying the voltage bias, 
however, before the creation of either the conductive path or metallic filament. Therefore, it refers 
to the resistance of oxide due to the fabrication and concentration of oxygen in SiOx (Tomozeiu 
2011).  
However, the observed resistance is in general also the function of the applied current compliance 
(Balakrishnan et al. 2006).   The choice of the limiting current is dependent upon the research 
purposes, and in many cases, it can be chosen to some extent relatively freely. Nevertheless, the 
memory cell creates the response on the applied current and voltage. Sometimes, the actual cell 
current is much less, than the limiting current compliance and it can be seen by the absence of a 
corresponding horizontal line in I-V curves. 
Sometimes, the current can overshoot the current limit and then the current spikes can be observed 
(Wouters 2012). Sometimes, the current limit needs to be switched completely OFF for the 
observing of the real behavior of the memory cell (Mehonic et al. 2013), however with a risk of 
the cell breakdown.  
Additional difficulties with a choice of the current compliance are to find the actual level of the 
current compliance when the cell starts to switch with the hysteresis. The actual switching window 
for the fabricated sample can be very narrow and different for the memory cell depending on 
different fabrication condition, substrate, thickness, and area of the memory cell or doping. In 
addition, if the cell switches in some way, the switching parameters can be adjusted at some extents 
according to the equation of the power law 𝑃 = 𝑈 ∙ 𝐼.        
1.1 The TD0 target 
Figure 1 displays the resistance-voltage curve corresponding to the 30nm-thick sample deposited 
using the TD0 target on the platinum substrate at 100C. The curves show the resistance-voltage 
curve with the ohmic conduction expected in ECM memory cells. The conductive path is assumed 
to be the metallic filament.  The abrupt change of the resistance from the OFF to ON state with the 
consequent constant ON resistance indicates that the opposite electrodes are connected via the 
metallic filament. The ON state resistance is a horizontal straight line, which means that the 
resistance is constant. Such a conducting behavior is intrinsic to metals. Then, the disconnection 
of the electrodes via the dissolving the metallic filament takes place after applying the negative 
bias. Such switching behavior is bipolar. The conductive paths are stochastic because they are not 
the same. However, the conduction mechanism seems to be the same.  
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In Figure 1, the OFF resistance is the inclining line at the semilogarithmic scale on both the positive 
and the negative side. It refers however to the non-ohmic type of conduction, the non-constant 
amount of charge carriers during the OFF state as well as the conductivity of SiO2 due to the 
vacancies of oxygen, the Si-rich regions or defects in oxides. Anyway, after the application of the 
electric field, the OFF state is a dynamic change in resistance of SiO2. The abrupt change to the 
ohmic conduction precedes by a change in resistance during the transition from the OFF to the ON 
state. The same is true in the opposite direction since the transition from the ON to OFF state also 
requires the change in conductivity in SiO2. This may indicate that SiO2 participates also in 
switching even when the metallic filament is created. The actual voltage window for the metallic 
type of switching in Figure 1 is between +0.4V and -0.3V. Moreover, the materialized resistance 
is between 1.1 ∙ 103𝑂ℎ𝑚 and 1.8 ∙ 105𝑂ℎ𝑚. In this case, both the resistance as well as voltage 
windows are very narrow. 
Figure 2 shows two different curves for the same sample shown in Figure 1. The red curve is the 
same metallic type with an abrupt transition from two resistive states as in the previous figure. 
However, the blue line shows the non-ohmic and the threshold-like type of switching behavior. 
Both curves are located at different levels of resistance with only slightly overlapping regions in 
resistance. Both types of switching behavior are frequently seen in all samples, however, in many 
cases with some modifications and distortions. 
It can be seen in Figure 2 that the blue and curves locate in different level of resistance and voltage. 
The switching behavior denoted by red curve can be explained in similar way as in Figure 1. 
However, the switching behavior in the blue curve is completely different. First, it exhibits 
threshold-like switching with the OFF state in region, where the cell with metallic type of 
switching is usually ON as shown in the red curve in Figure 2 and in all the curves in Figure 1. 
 In a blue curve shown in Figure 2, the transition from ON to OFF and vice versa can be 
approximated as a straight line, which indicates the exponential dependence on the current and 
voltage. Unlike the abrupt jump of resistance in red curve metallic type of switching, the transition 
in the blue curve is rather exponentially accelerated change in resistance at a higher voltage than 
for metallic type. As soon as the voltage, as well as an electric field, are decreased below a certain 
value, the cell returns to the OFF state at the same polarity. This implies that this threshold-like 
type of switching is more like double unipolar than a bipolar type of switching. The metallic type 
of switching sometimes is named as memory switching, which depends on what issue one would 
like to highlight. The metallic type of switching implies that the metallic filament is created with 
typical behavior shown in Figure 1.  Both metallic and threshold-like type of switching may 




Figure 1.  The resistance – voltage characteristics of the 30nm-thick sample deposited using the 
TD0 target on the platinum substrate at 100C 
 
Figure 2. The resistance – voltage characteristics of the 30nm-thick sample deposited using the 
TD0 target on the platinum substrate at 100C 
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Figure 3 shows the ON and the OFF resistance of the 5-50nm-thick samples deposited using the 
TD0 target. Very short vertical lines in the plot mean that the conduction is ohmic without the 
hysteresis. The hysteresis means there are at least two different resistive states during the 
electroforming or switching.  
The absence of the hysteresis together with the galvanic connection of the opposite electrode via 
the metallic filament implies the short-circuiting of the electrodes immediately after applying the 
positive voltage bias. Such behavior can be explained by the very high mobility of the metallic 
cations dissolved from the active electrode in the ECM cell due to the large applied voltage or 
current. However, some of the memory cells deposited using the target without any dopants were 
short-circuited with all chosen parameters.  
The short-circuiting at the very low level of the current compliance indicates that the deposited 
SiOx has non-negligible conductivity. This can also be seen from the low level of the OFF 
resistance state. Half of the samples deposited using the TD0 show the OFF resistance less than 
108Ohms. The ON resistance or low resistive state varies from 20 Ohms to 106Ohms.  Based on 
the calculated density of the sputtered SiO2 together with the observed level of the OFF resistance, 
it can be suggested that the fabricated SiO2 is probably more likely SiOx with x<2.  
In addition, the ON resistance of 20nm of pure SiO2 is on the level of 106Ohms, which indicates 
the relatively resistive ON state. Such situation can correspond to the blue curve in Figure 2 with 
the threshold-like non-ohmic switching behavior. 
The 5nm-thick sample has two vertical short-circuited lines in the high resistive region. It can 
mean that there are also surface charge states, which can be responsible for such unusual behavior. 
The 10nm- and the 30nm-thick samples exhibit the resistance less than zero (R<0).  
Figure 4 displays the ON/OFF resistance corresponding to the specimens sputtered on the platinum 
as well as the TiN substrates at RT and 150C. The specimens sputtered on the platinum substrate 
exhibit the threshold-like switching behavior. The sample deposited at RT is more conductive in 
the ON state and more resistive in the OFF state than samples deposited at 150C. Therefore, the 
ON and OFF ratio of the samples sputtered at RT is larger than that fabricated at 150C. This 
difference can be explained by the temperature-induced change in the nanostructure, morphology, 
or even chemical composition.  
However, the samples deposited on the TiN substrates do not show such trends. They switch, and 
even at times short-circuit but without the threshold-like behavior. A higher level of the OFF 
resistance in the samples deposited on the TiN substrate indicates that the memory cells switch at 




Figure 3. The overview of the ON and the OFF resistance of the 5nm-30nm-thick samples 





Figure 4. The overview of the ON and the OFF resistance of the samples deposited using the TD0 




1.2 TheTD1 target doped with one doping element 
 
Figure 5 shows the resistance – voltage characteristics of the 20nm sample deposited using the 
TD1 target on the TiN substrate at 100C. The memory cell shows the metallic type of 
electroforming behavior with an abrupt transition from the OFF to the ohmic ON state. However, 
this type of curve is very non-typical for the specimens sputtered on the TiN substrates. First, the 
electroforming voltage is exceptionally high even if the samples would be deposited on the 
platinum substrate. Second, the samples sputtered on the TiN substrates rarely show such metallic 
type of switching behavior. 
Figure 6 shows the resistance – voltage characteristics of the 10nm-thick sample deposited using 
the TD1 target on the TiN substrate at 100C. This type of the electroforming curves is more typical 
for the samples sputtered on the TiN substrate. It is worthwhile to mention that there is no such an 
abrupt transition from the OFF to the ON state like in the metallic type of switching. This change 
in resistance level from the OFF to the ON state can be stepwise or sometimes gradual. On a 
semilogarithmic scale, this transition can sometimes be approximated as the inclining straight line. 
This indicates that the current and the voltage have exponential dependence with each other. 
However, the last ON stage is the curving line on the same scale implying that such a behavior is 
ohmic.  
In addition, this gradual transition from OFF to ON state in Figure 6 is not abrupt like in metallic 
type of switching.  This indicates that cell undergoes the change of resistance during transition. 
This can refer to either the SiO2-matrix participates in switching or metallic ions oxidizes 
immediately without creating of metallic filament before transition to the last conductive stage, 
which is, however, ohmic. The last ohmic stage is circular-like curve at a semilogarithmic scale, 
which corresponds to straight line at a linear scale. Such not abrupt transition may refer to chemical 
reaction in ECM cell during the transition step.   The shape of curve at a semilogarithmic scale 
suggests the exponential dependence of current and voltage and conduction through the 
semiconductive oxide rather through metallic filament. The abrupt change in resistance, on the 


















Figure 5. The resistance – voltage characteristics of the 20nm-thick sample deposited using the 












Figure 6. The resistance – voltage characteristics of the 10nm-thick sample deposited using the 




Figure 7 shows the resistance-voltage characteristics of the 20nm-thick sample deposited using the 
TD1 target on the TiN substrate at 100C. The change in resistance from the OFF state to the ON 
state is vague. This curve, however, is the straight line on the semilogarithmic scale in the opposite 
direction from the ON to the OFF state. This implies the exponential dependence between current 
and voltage. It is worthwhile to note that the memory cell is switched OFF at the same polarity 
implying that the switching is unipolar, however, without applying the high current.  
This kind of plots shown in Figure 7 with straight line in semilogarithmic scale may be used for 
check if the conduction type may be ionic, for example. 
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In equations, the jumping distance of ions is denoted by 𝑟, the Debye frequency is denoted as 𝑣, 
electric field is denoted by E, as well as  activation entalpy by  ∆𝐺≠ (Lim & Ismail 2015). 
First equation (1) can be simply written in as 𝐽𝑙𝑜𝑤 ∝ 𝐴 ∙ 𝐵⏟
𝐹
∙ 𝐸 = 𝐹 ∙ 𝐸, which implies that ionic 
current density and electric field have linear dependence at low electric field. It means that on the 
linear scale this curve is usually straight line, which intercepts the zero point.  
Second equation (2) can be also written in simple form as 𝐽ℎ𝑖𝑔ℎ ∝ 𝐶 ∙ exp(𝐷 ∙ 𝐸), which implies 
that, at high electric fields, the current density and electric field have exponential relationship.  
In Figure 7, the straight line in a semilogarithmic scale has a general equation (Equations of straight 
lines on various graph papers) 𝑦 = 𝑘 ∙ 10𝑚𝑥 = 𝑘𝑒𝑚𝑥 = 𝑘 ∙ exp𝑚𝑥, where 𝑘 is intersept with y 
axis and m is slope of straight line, which can be positive and negative depending if the straight 
line is ascending and descending.  In more specific form, the equation can be written as                      
𝑅 = 𝑘 ∙ exp(−𝑚𝑈) (3), where 𝑅 is resistance, 𝑈 is voltage, k is intersect with R axis and k is slope 
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of straight line. If the resistance can be written as 𝑅 =
𝑈
𝐼
 , current density as 𝐽 =
𝐼
𝐴2
  and electric 
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Therefore, the straight line in Figure 7 can be written using the current density and electric field as  
𝐽 = 𝐹 ∙ 𝐸 ∙ exp(𝐺 ∙ 𝐸) = 𝐹 ∙ 𝐸 ∙ 𝑒𝐺𝐸  Equation (4) 
If one compares the equation (4) with the equations (1) and (2), one can see that the equations are 
different. At low electric field (equation (1)), the current density depends linearly on electric field 
whereas, at high electric fields (equation (2)), they are related exponentially.  
The equation (4) suggests more strong dependence of current density from electric field that it 
would be when the conduction is of ionic type even at high electric field, because it has not only 
linear but also exponential component in equation. 
Moreover, the change in resistance depicted by the straight line shown in Figure 7 suggests that 
this resistance value is dependent on applied voltage or the electric field. Therefore, when the 
voltage drops the cell returns back to OFF state. It also worth noting that applied electroforming 
voltage was extremely high, because the purpose was to create the strong metallic filament. This 
attempt failed, because the cell did not create the strong and stable metallic filament but started to 
conduct completely differently. The cell is OFF at the end of the electroforming stage even without 





Figure 7. The resistance – voltage characteristics of the 20nm-thick sample deposited using the 
TD1 target on the TiN substrate at 100C 
Figure 8 shows the resistance – voltage characteristics of the 10nm-thick sample deposited using 
the TD1 target on the TiN substrate at 100C. It can be seen that the transition from the OFF to the 
ON state occurs via many steps. The first region between 0.5V to 1.5V is the inclining line on the 
semilogarithmic scale implying that mathematical dependence between the voltage and the current 
is exponential. Then, two abrupt jumps can be observed at 1.6 and 2.6V. Then, again, there is a 
vague region between 2.6V and 3.4V. At the backward sweep, the cell conducts ohmically and 





Figure 8. The resistance – voltage characteristics of the 10nm-thick sample deposited using the 
TD1 target on the TiN substrate at 100C 
Figure 9 shows the resistance – voltage characteristics of the 10nm-thick sample deposited using 
the TD1 target on the TiN substrate at 100C. Both the forward and the backward sweeps are the 
straight lines on the semilogarithmic scale. At the end, the cell is OFF at approximately +0.2V. 
Again, the straight line on the semilogarithmic scale implies the non-ohmic conduction type and 
the exponential dependence between the current and the voltage. The behavior of this cell is similar 
to that shown in Figure 7, however, at much lower level of voltage and electric field. Again, these 
straight lines at both forward and backward sweeps, can be expressed by the equation 
𝐽 = 𝐹 ∙ 𝐸 ∙ 𝑒𝐺𝐸 . 
Therefore, the ionic type of conduction may be not completely appropriate for such type of 
switching behavior.  This can also be explained in such way that concentration of charge carriers 
is increased when electric field increases. The resistivity of Si-doped silicon decreases when the 
concentration of doping elements increases. The increased electric field accelerated the mobile 




Figure 9. The resistance – voltage characteristics of the 10nm-thick sample deposited using the 
TD1 target on the TiN substrate at 100C 
Figure 10 shows the overview of the ON and the OFF resistance of the 5nm-50nm-thick samples 
deposited using the TD1 target. It can be seen that these samples are more resistive in the OFF 
state in the comparison with the samples sputtered by the TD0 target shown in Figure 3. For 
example, if the OFF resistance of 10-10 Ohm is taken to the comparison, all samples in Figure 3 
with one exception (5nm-thick sample) have resistance under 10-10 Ohm, but the samples in Figure 
10 have resistance larger than 10-10 Ohm for most of the cases.   
In addition, comparing the ON resistance with 10-5 Ohm, for example, reveals that the ON 
resistance of the samples deposited using the TD1 target is larger than those deposited using the 
TD0 target. However, again there are the exceptions in the 5-nm-thick samples for both targets 
and in the 30nm-thick sample for the TD1 target. 
Figure 11 shows the overview of the ON and the OFF resistance of the samples deposited using 
the TD1 target on the platinum and the TiN substrates at RT and 150C. It can be seen that in the 
OFF state, the resistance is over 10-10 Ohm for both substrates and temperatures. The ON resistance 
is in all cases is near 10-5 Ohm. However, the ON resistance of the samples deposited on the Pt 
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substrate in many cases is under 10-5 Ohm but less than that for the samples deposited on the TiN 
substrate. It seems that the samples on the TiN substrates are slightly more resistive than on the 
platinum substrate in the ON state. 
The comparison with the similar samples in Figure 4 reveals that there were not significant 
differences in the OFF resistance in the samples deposited on the TiN substrate because in all cases 
the resistance was larger than 10-10 Ohm. There is larger variability of the ON resistance on both 
sides of 10-5 Ohm in the samples deposited using the TD0 than the TD1 target. However, the OFF 
and the ON resistance of the samples deposited using the TD0 target on the Pt substrate in Figure 





Figure 10.  The overview of the ON and the OFF resistance of the 5nm-50nm-thick samples 




Figure 11. The overview of the ON and the OFF resistance of the samples deposited using the 
TD1 target on the platinum and the TiN substrates at RT and 150C (ZY view) 
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1.3 The doped TD2 target 
Figure 12 shows the resistance – voltage characteristics of the 10nm-thick sample deposited using 
the TD2 target on the platinum substrate at 100C. The transition from the OFF to the ON state 
occurs mostly through two steps. The first step is the gradual continuous increase in the 
conductivity and the second step is an abrupt transition to the ohmic ON state. 
Figure 13 shows the R – V characteristics corresponding to the 30nm-thick sample deposited using 
the TD2 target on the TiN substrate at 150C. The transition between OFF and ON states is mostly 
not abrupt. In addition, the last conductive stage of the curve is not ohmic as in Figure 12. Instead, 
on the semilogarithmic scale, it is rather a straight line implying exponential dependence. In 
addition, at the end of the positive or negative sweep, the cell is OFF near the zero point.  
Figure 14 shows the resistance – voltage characteristics of the 30nm-thick sample deposited using 
the TD2 target on the TiN substrate at RT. The transition from the OFF to the ON state occurs in 
two steps. First, there is an abrupt transition to a certain level and then a gradual transition to the 
ON state, however, with the vague curve’s shape. 
Figure 15 shows the resistance – voltage characteristics of the same sample as in Figure 14. The 
electroforming curve is mostly of the metallic type, however, at the end, the cell is OFF near the 
zero point. 
Figure 16 shows the resistance – voltage characteristics of the same sample shown in Figure 14 
and Figure 15. The transition from the OFF to the ON state is not abrupt but rather gradual on the 
negative side. The conductive ON state is ohmic.  On the negative side, however, the cell first 
makes the transition to the more resistive state and at the end of the backward sweep, the curve 




Figure 12.  The resistance – voltage characteristics of the 10nm-thck sample deposited using the 
TD2 target on the platinum substrate at 100C
 
Figure 13. The resistance – voltage characteristics of the 30nm-thick sample deposited using the 




Figure 14. The resistance – voltage curve corresponding to the 30nm-thick sample sputtered using 
the TD2 target on the TiN substrate at RT 
 
Figure 15. The resistance – voltage characteristics of the 30nm-thick sample deposited using the 











Figure 16. The resistance – voltage characteristics of the 30nm-thick sample deposited using the 
TD2 target on the TiN substrate at RT 
 
Figure 17 shows the resistance – voltage characteristics of the 30nm-thick sample deposited using 
the TD2 target on the TiN substrate at RT.  When the semilogarithmic scale is used, the transition 
between the OFF and the ON states seems to be a straight line. 
Figure 18 shows the resistance – voltage characteristics corresponding to the same sample as in 
Figure 17. At the end of the backward sweep on the negative side, when the semilogarithmic scale 
is used, the curve becomes the straight line. 
Figure 19 shows the resistance – voltage characteristics corresponding to the same sample shown 
in Figure 17 and Figure 18. The transition from the OFF to the ON state is abrupt at the positive 
bias. In addition, the cell is OFF at the end of the positive cycle again. At the negative bias, the 
cell makes the gradual transition from the OFF to the ON state and in the opposite direction.  
Figure 20 shows the resistance – voltage characteristics of the 50nm-thick sample deposited using 
the TD2 target on the platinum substrate at 100C. The cell shows the typical metallic type of 




Figure 22 shows the resistance – voltage characteristics of the same sample shown in Figure 20 
and Figure 21. There was a very high rising rate of voltage, which was then adjusted for further 
testing. However, it looks like some sort of threshold-like switching.  
 
 
Figure 17. The resistance – voltage characteristics of the 30nm-thick sample deposited using the 




Figure 18. The resistance – voltage characteristics of the 30nm-thick sample deposited using the 













Figure 19. The resistance – voltage characteristics of the 30nm-thick sample deposited using the 















Figure 20. The resistance – voltage characteristics of the 50nm-thick sample deposited using the 













Figure 21. The resistance – voltage characteristics of the 50nm-thick sample deposited using the 














Figure 22. The resistance – voltage characteristics of the 50nm-thick sample deposited using the 
TD2 target on the platinum substrate at 100C 
Figure 23 shows the overview of the ON and OFF resistance of the samples with the thickness 
between 5nm and 50nm deposited using the TD2 target on the platinum substrate at 100C. It can 
be seen there is a varying trend in the OFF and ON states. Some samples show the OFF resistance 
more than or less than 10-10Ohms. The same trends are seen in the ON state.  However, there are 
many short-circuited curves. 
Figure 24 shows the overview of the ON and OFF resistance of the samples deposited using the 
TD2 target on the platinum and TiN substrates at RT and 150C. The samples deposited on the 
platinum substrates have slightly more short-circuited curves. The temperature effect was 
negligible for the TiN substrate; however, the sample deposited on the platinum substrate at 150C 





Figure 23. The overview of the ON and the OFF resistance of the samples with the thickness 





Figure 24. The overview of the ON and the OFF resistance of the samples deposited using the 
TD2 target on the platinum and TiN substrates at RT and 150C (ZY view) 
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Interpretation of results. When one describes the resistive switching, it is important to draw the 
resistance-voltage curve. When the curve has a specific shape in the semilogarithmic scale, it gives 
signposts what materials may participate in the switching.  The variability in switching was 
extremely high. The curves have different shapes attributed to the different conduction 
mechanisms. Due to high variability as well as a large number of used parameters, it would make 
impossible to attribute the specific feature to the certain target.  
The straight line in the semilogarithmic scale is associated with the doped targets as well as to the 
instability of the conductive filaments. This instability may be related to the presence of 
mechanical stress due to the introduction of the secondary phase, for example, due to oxidations.  
The unstable conductive filament causes rather the unipolar type than the bipolar type of switching.  
The shape of the curve depends on the used parameters. However, the search of suitable parameters 
can be a very tedious task. Additionally, when the cell exhibits the threshold or metallic type of 
switching, such a cell does not change the switching type to another. Typically, the threshold-like 
and metallic types of switching require the different testing techniques. If one tried to change the 
switching type, such a cell would probably be short-circuited.  
The threshold-like as well as memory (or metallic) switching was observed in samples deposited 
by all three targets. However, the most pronounced threshold-like switching behavior was 
observed in samples, deposited by TD0 target on the platinum substrate, which is explained 
separately in Appendix 9.   
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1.1.1 Threshold switching 
1.1.1.1 Room temperature 
1.1.1.1.1 The I-V curves  
 
Figure 1 displays the overview of the I-V curves corresponding to the samples deposited using the 
TD0 target on the platinum substrate at RT displaying the threshold-like switching behavior.  Three 




Figure 1. The overview of the current-voltage characteristics of the samples deposited using the 




1.1.1.1.2 The Schottky emission 
 
Figure 2 shows the 3D data fitting of 100 curves for the identification of the Schottky emission as 
the conduction mechanism. One curve from the same data in ZY view is plotted separately in 
Figure 3. 
A part of the curve as shown in Figure 3 may be seen as a straight line using the logarithmic scales 
in a region corresponding to the OFF state. However, the overall impression is that the Schottky 
emission as conduction mechanism is not the dominating type. Also, the shape variation in the 
curves corresponds to the change in the current compliance. 
 
 
Figure 2. The test for the Schottky emission:  ln(J) – sqrt(E) of the sample deposited on the 




Figure 3. The test for the Schottky emission: the ZY view of log(J)-sqrt(E) of the sample deposited 
on the platinum substrate at RT  
 
1.1.1.1.3 The Frenkel-Poole emission 
 
Figure 4 shows the 3D data fitting of 100 curves for the identification of the Frenkel-Poole 
emission as the conduction mechanism. One curve from the 3D group was plotted separately in 
Figure 5. 
It is worth noting from Figure 5 that only relatively small regions in the curves can be 
approximated as straight lines using this scale. Therefore, it can be stated that the Poole-Frenkel 





Figure 4. The test for the Frenkel-Poole emission: the 3D view of log(J)-sqrt(E) of the sample 
deposited on the platinum substrate at RT 
 
Figure 5. The test for the Frenkel-Poole emission: the 3D view of log(J)-sqrt(E) of the sample 




1.1.1.2.1 The I-V curves 
 
Figure 6 shows a 3D view of the 103 current-voltage curves of the samples deposited using the 
TD0 target on the platinum substrate at 150C showing threshold-like switching behavior. In 




Figure 6. The overview of the current-voltage characteristics of the samples deposited using the 
TD0 target on the platinum substrate at 150C showing the threshold-like switching behavior 
Figure 7 shows the example of the curves without overshooting peaks on the negative side. It 
means that opposite electrodes were connected first and then disconnected as a result of the 
electrochemical dissolving the metallic filament. However, the curve on the positive side has an 






Figure 7. The current-voltage characteristics of the samples deposited using the TD0 target on 
the platinum substrate at 150C showing the threshold-like switching behavior 
 
1.1.1.2.2 The Schottky emission 
 
Figure 8 shows the 3D data fitting of 103 curves for identification of the Schottky emission as the 
conduction mechanism. One curve was plotted separately as it can be seen in Figure 9. 
In Figure 9, a small part of the curve may be thought as an approximated straight line when the 
logarithmic scale in the OFF state is used. However, in general, it seems that in this sample the 





Figure 8. The test for the Schottky emission: the ln(J) – sqrt(E) of the sample deposited using the 
TDO target on the platinum substrate at 150C.   
 
Figure 9. The test for the Schottky emission: the ln(J) – sqrt(E) of the sample deposited using the 
TD0 target on the platinum substrate at 150C.   
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1.1.1.2.3 The Frenkel-Poole emission 
 
Figure 10 shows the 3D data fitting of 103 curves for the identification of the Frenkel-Poole 
emission as the conduction mechanism. One curve of the same data in ZY view is drawn in Figure 
11. 
In Figure 11, for example, only very small regions in the curves can be approximated as a straight 
line using this scale. Therefore, it can be stated that the Poole-Frenkel mechanism is not the 
dominant conduction mechanism. 
 
 
Figure 10. The test for the Frenkel-Poole emission: the 3D view of the log(J)-sqrt(E) of the sample 




Figure 11. The test for the Frenkel-Poole emission: the ZY view of the log(J)-sqrt(E) of the sample 
deposited on the platinum substrate at 150C 
 
Interpretation of obtained results. Two 30nm-thick samples deposited on the platinum substrate 
at RT (246-IS) and 150C (245-IS) exhibit the threshold-like behavior. The current-voltage 
characteristics of sample N245-IS (150C) are shown Figures 24-26 and Figures 38-39 of Master 
thesis. The current-voltage characteristics of sample N246-IS (RT) are shown in Figures 33-35 of 
Master thesis. The overview of the resistance-voltage characteristics of both samples is shown in 
Figure 4 of Appendix 8 as well in Figure 12 of this Appendix 9. Altogether, 13 cells of size 
100µmx100µm from sample N245-IS (103 curves) and 16 cells of size 50µmx50µm from sample 
246-IS (100 curves) exhibited the threshold-like behavior.  
Unlike all other samples, the variability of switching voltage, the used current compliance, as well 
as resistance, in these samples with threshold-like behavior was extremely low as shown in Figure 
12 of this Appendix 9. With only a few exceptions, both these samples started to switch with the 
threshold-like type of behavior, when the current compliance was set at 0.01A or 0.1A. The shape 
of the curve was quadratic with the current compliance of 0.01V and triangular with the current 
compliance of 0.1V.  However, when the current compliance was set at 0.001, the switch was 




Figure 12. The ZY view of the ON and the OFF resistance of the samples deposited using the TD0 
target on the platinum substrate at RT (245-IS) and 150C (246-IS). 
 
The electrical measurement of both samples, which exhibited the threshold-like behavior, was 
performed 1st June 2016 in Aachen Germany. When the report about the threshold-like behavior 
was sent 27st June 2016, it was suggested that the reason and theoretical explanation of threshold-
like behavior need to be investigated in more detail. However, after 1st June 2017, it was extremely 
difficult to reproduce such kind of behavior. The possible explanation can be due to the different 
moisture uptake. The possible influence of moisture on the type of switching is consistent with the 
explanation based on the Pourbaix diagram, wetting and dewetting of nanopores as well as the 
effect of pH on the electrochemical activity of metallic cations in oxide during resistive switching.  
The relative humidity was between 94% and 100% on 1st June 2016. All day was frog, dizzle as 
well as sprinkles and light rain. After 1st June 2016, the relative humidity varied a lot but was the 
mostly much-much less than 94%.  Unfortunately, the relative humidity, atmospheric pressure or 
temperature were not usually taken into account as the monitoring parameters during the normal 
electrical measurements without using a vacuum. However, when the relative humidity varied 
typically between 35% to 100% from day to day, it would have an influence on the electric 
performance of all electronic devices. It may have influence, especially on the nanoscale devices, 
which work in non-controllable atmospheric conditions.     
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The using Pourbaix diagram for the interpretation of results and influence of pH on the 
electrochemical activity of metallic cations in oxide during resistive switching are explained in 
more details in Appendix 2. The explanation of observed effects related to wetting and dewetting 
of nanopores and their influence on ionic transport together with ionic Column blockade and 
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1.1 Ionic current in solid electrolyte 
According to electrical resistivity, solids can be classified as metals, semiconductors, and 
insulators. The properties of ionic materials can be placed between metals and semiconductors. An 
increase in temperature causes the decrease in the electrical conductivity of metals, whereas in 
semiconductors it causes increasing in both electronic and ionic conductivity. In ionic solids, an 
increase in temperature causes increasing in the ionic conductivity (Sunandana 2015).   Ionic 
conduction is usually thermally-activated and is small because the mobility of ions is small 
(Dearnaley et al. 1970).  
The solid-state ionic materials are usually ionic crystals, in which lattice vacancies, interstitials, 
and impurities affect electric properties. The defects in ionic solids have an effective charge, which 
moves through solid under application of the external electric field (Sunandana 2015). 
The ionic conductor could exhibit both ionic and electronic conductivities thus being MEIC (a 
mixed electronic–ionic conductor) due to intrinsic properties or due to doping. However, any 
material could exhibit non-zero ionic and electronic conductivities. The ionic permeation through 
the solid electrolyte requires the presence of a small electronic current. In addition, a small ionic 
current is needed for the transport of ions in an electronic conductor (Sunandana 2015). 
An ion can be monoatomic or polyatomic.  The cation and anion are the ions, which possess a net 
charge of positive (cation) or negative (anion) signs. The ions are free to move in gas, liquid or 
solid. Ionic diffusion through matter under the influence of the gradient (chemical potential or 
concentration) is responsible for ionic or electrolytic conductivity.  The ionic movement is based 
on the jumps of ions from place to place (Sunandana 2015).  
When neutral species diffuse through neutral matter, there would not be a noticeable interaction 
between species and matter.  However, charged species cause the polarization of surrounding 
matter during the movement.  In solids, the ionic diffusion depends on the structure of the crystal 
and therefore is mostly anisotropic. The Fick’s law is used for the explanation of ionic diffusion 
whereas Ohm’s law can explain ionic conductivity (Sunandana 2015). 
In solid electrochemical devices, one ionic component is assumed to be immobile whereas another 
one is highly mobile (Maier 2005).  In addition, either anions or cations are assumed to be more 
mobile in comparison to opposite charge carriers in ionic solids (Sunandana 2015). 
In nanoscales, electrostatic effects confine a defect structure at the larger degree than in the ground 
state.  The interaction between charged species in small spacings may also be more pronounced. 
In nanoscales, the charge carriers cannot escape each other, which causes excitonic (electron-hole) 
interactions (Maier 2009). 
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The ionic transport alongside the dislocations and grain boundaries is important in many 
technological applications. The calculations suggest that it is easier to create the vacancy in some 
specific sites than in the perfect lattice.  The short-circuit diffusion mechanism seems to be much 
like the diffusion in the bulk. However, the mobility and concentration are greater in the core than 
in the bulk region (Atkinson 1984). 
In the nanoporous glasses and thin films, the conductivity of protons increases with an increase in 
the water absorption, due to the presence of the hydroxyl groups. The amount of absorbed water 
depends on the pore size and structure (Daiko 2014). 
1.2 Ionic transport in biological cells 
Solid-state ionics is analogical to the biological cell, where the ions move through the open ionic 
channel. The gating (or opening and closing) the ionic channel enables the ion transport. The 
selectivity of ionic channels for specific ions is based on the size, valence, and hydration energy 
of ions.  The ionic current depends on the direction of ion transport; therefore, the ionic current 
could be rectifying. The gating in ionic channels may be dependent on voltage or ligand or be 
mechanosensitive (Sunandana 2015). 
The Monte Carlo simulations show that the anion selectivity inside nanopores is due to the 
screening of charges by monovalent, divalent and trivalent cations. At high pH, the junction with 
monovalent cations was OFF. At low pH, the junction was ON.   The junction with divalent cations 
was always on ON. However, at high pH, the pore junction with trivalent cations was ON and at 
low pH was OFF again.  In pores, ionic selectivity (cation or anion) can be reversed. The screening 
effects are sensitive to pH and electrostatic interaction between ions (Albesa et al. 2013). 
In biological cells, ions moving through nanopores form quasi-particles. In one of these quasi-
particles states, the hydrated ions are surrounded by semi-bound molecules of water.  Many of 
such quasi-particles interact in nanopores with finite capacitance. This implies the existence of 
threshold concentration beyond which ions of the same sign could not enter the pore. In nanopores, 
ionic conductance is suggested as being quantized. It would also be a function of the radii of the 
hydrating layer and a pore radius. This is similar to the mesoscopic effect of the Coulomb blockade 
of electrons (Meyertholen & Di Ventra 2013). 
1.3 Conductance in nano-scales 
Rectification and selectivity of ionic transport. The conical nanopores show the rectifying 
behavior and ionic selectivity, which depends on the direction of the concentration gradient 
(Cervera et al. 2007).  After applying the electric field, the silica nanopore in the electrolyte can 
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rectify the ionic current. The rectification implies a higher ionic current for one voltage polarity 
than for the other (Cruz-Chu et al. 2009a). 
A charged polymer nanopore would have a high ionic selectivity due to the preferential flow of 
counter-ions and rejection of the ions of the same sign (Cruz-Chu et al. 2009b). The ionic 
selectivity of the charged nanopores is due to the small radius of pores and the relatively high 
surface potential and small radius. The conductance would decrease with the finite size of the ions. 
However, the ionic selectivity would increase when the ion size increases (Cervera et al. 2010). 
The conically shaped nanopore with the solid-state gel electrolyte rectifies the current and work 
sas an ionic diode (Plett et al. 2017). 
Monte Carlo simulations show that the anion selectivity in the nanopores was due to a screening 
of the negative charges by the cations. Additionally, the conductive mode depends on the pH value. 
However, the monovalent, divalent, and trivalent cations show different behavior from each other 
(Albesa et al. 2013). 
The dangling bonds in silica nanopores can be responsible for the asymmetric current-voltage 
characteristics with rectification because the silica pores without the dangling bonds produce the 
symmetric current curve. The rectification can be suppressed by lowering the pH of the electrolyte, 
neutralizing the surface charge or coating by Al2O3 (Cruz-Chu et al. 2009a). The dangling bonds 
can dehydrate the ions and temporally bind the ion to the pore surface, whereas that without 
dangling bonds cannot dehydrate and retain the ions (Cruz-Chu et al. 2009a). The nanoporous 
network acts like an ionic diode that rectifies the direction of the current flow depending on the 
electrolyte’s pH value (Pevarnik et al. 2012).  
The study of the ionic transport via the solid-state nanopores as a function of the ionic strength 
and the pore size shows the presence of an anomalously large ionic conduction at the moderate 
and even small concentrations of ions. With the fixed aspect ratio of the pore, the smaller pores 
would conduct as well as the large ones do. It seems that the effective electric size is much bigger 
than the geometric size of the solid-state nanopore (Lee et al. 2012). In the hydrophobic pores, the 
transport of ions depends on the pH of the electrolyte (Pevarnik et al. 2012). 
Gating of nanopores. Current- voltage characteristics confirm the presence of the reversible and 
voltage-induced opening and closing of the pores for the transport of the mobile ions. The non-
conducting states were associated with water vapor, which creates a highly resistive bottleneck for 
the transport of ions inside the pore (Powell et al. 2011). 
The hydrophobic nanopore can be wetted and dewetted due to the water evaporation and 
condensation inside the pores. The transition from the conducting to the non-conducting mode can 
be controlled by the electric potential. The non-conducting state of the pore corresponds to the 
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water vapor -filled pores, but the conducting state indicates the wetting along the entire length of 
the pores (Powell et al. 2011). 
The hydrophobic layer can create an extra barrier for water and ion flow at the pore entrance with 
the consequent rectification of the ionic current. The conductive or open time of the pore can be 
prolonged if the voltage is increased. However, the decrease in voltage stops the ionic transport 
again (Pevarnik et al. 2012). 
The multilevel switching. In resistive switching devices, the stepwise change of conductance with 
time was suggested to be due to the quantized conductance (Terabe et al. 2005; Miranda et al. 
2012; Tappertzhofen 2014). The multilevel (or quantized or step-like) conductance was found in 
electroformed SiOx thin film (Dearnaley et al. 1970), in n-type poly-Si/SiOx/p-type poly-Si device 
(Mehonic et al. 2013), as well as in Ag/AgI/Pt and Ag/SiO2/Pt memory cells (Tappertzhofen 
2014).  
This stepwise behavior is assumed to be due to the constriction of the electron motion in the 
nanofilament of the size being comparable to the Fermi wavelength of the electron.  The laterally 
confined charge carrier would be in the discrete sub-bands. The quantized steps would be present, 
if the biasing was larger than the sub-band energy as well as subband distance was larger than kBT 
(Mehonic et al. 2013). The variation of filament’s diameter is not enough to explain the multilevel 
switching (Tappertzhofen 2014; van den Hurk 2016).   
In nanoscales, a single (discrete) metallic atom can determine the resistance of the memory cell 
(Tappertzhofen 2014). The cell resistance can be partially determined by a tunneling effect in the 
filament tip, which does not contact the active electrode (Menzel et al. 2012; van den Hurk 2016).  
The ionic quantized conductance. The ionic quantized conductance was investigated as a function 
of the effective radius of the pore in nanoporous films. In addition, the role of the dehydration at 
the ion transport via nanopores was the object of study too. The ions with a higher valence create 
a stronger hydration shell, and therefore they provide a larger decrease in the ionic current (Zwolak 
et al. 2010). 
 The quantized conductance or stepwise conductance depends on the width of the channel. The 
conductance may be expressed as  𝐺 = 𝑁
2𝑒2
ℎ
, where ℎ is Planck’s constant, 𝑒 denotes the electron 
charge, as well as N is the number of modes allowed. 𝑁 is dependent on size of the point contact 
size according to the equation 𝑁 ≈
2𝑊
𝜆𝐹
, where 𝑊 is the width of point contact, and 𝜆𝐹 denotes the 
Fermi wavelength. The ionic conductance of quasiparticles cannot take on any size but instead it 
is quantized. In a nanopore, the behavior of the hydration layers is extremely dependent on the 
radius of the pore (Meyertholen & Di Ventra 2013). 
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In nanosize filaments, the electron motion is restricted, causing the conductance quantization. A 
diameter of the filament is comparable with the Fermi wavelength for the electron. In silicon-rich 
SiOx devices, the conductance is quantized at room temperature in such way that the value of 
conductance is the multiplication of the half-integer of G0. This suggests the ballistic transport of 
electrons through a filament. The model predicts an integer quantization for metallic ECM devices 
and half-integer quantization in a VCM memory cell (Mehonic et al. 2013). 
A half-integer or integer multiplication of quantum conductance have been observed in the 
Ag/SiO2/indium tin oxide (ITO) devices. The quantized conductance was attributed to the ballistic 
electron transport in a lateral constriction of the filament. The size of the filament is comparable 
to the Fermi wavelength of the electrons.   Nevertheless, the reproducibility of this effect was low 
(Gao et al. 2014). 
 Here, the half-integer quantized conductance with spontaneous filament decay was observed in 
Cu/SiO2/W memristive devices at room temperature (Nandakumar et al. 2016). 
 
1.4 The ionic Coulomb blockade  
The molecular dynamics simulations suggest that the ion-ion interaction in nanoporous films can 
cause the ionic Coulomb blockade effect. The ionic Coulomb blockade implies the nanoionic 
buildup, which blocks the ionic transport due to the electrostatic repulsion. The ionic Coulomb 
blockade resembles the electronic Coulomb blockade, where the electron experiences large 
resistance at the interface between a quantum dot and the electrode. The ionic Coulomb blockade 
seems to be dependent on the ion concentration. The blocking effect can be related to the much 
larger ionic resistance at the entrance of the pore than the ionic resistance without the pore (Krems 
& Di Ventra 2013). 
The Coulomb blockade would occur as a result of the ionic transport through a channel with the 
size comparable to the size of the hydration layer around the ion. At a very low density of the ions, 
it would be possible to observe the step-like conductance for a single particle. Moreover, with a 
larger density of the ion-ion interactions, the ionic Coulomb blockade can occur if the pore channel 
has the small capacitance (Feng et al. 2016). 
The ionic transport through the nanopores is usually ohmic. Nevertheless, the voltage-induced 
non-linear behavior was observed with the ion dehydration and hydrophobic wetting. It was found 
that the ionic transport was non-linear with a voltage gap at low applied bias. Both the dehydration 
and Coulomb blockade are suggested to be responsible for the ionic transport in the sub-nanometer 
pore (Feng et al. 2016). 
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The studied monovalent as well as divalent ions have the non-linear current-voltage characteristics. 
The nanopore junction has the resistance as well as the capacitance. The suppressing of the 
conductance is a result of the discrete energy, which is needed for adding the ion charge to the 
pore. It would be possible to observe the ionic Coulomb blockade at room temperature, while this 
charging energy would be larger than the energy of the thermal fluctuation at room temperature. 
Adjusting the chemical potential by applying a voltage to the electrode allows removing or adding 
charge to the pore. The ion flux can pass via the pore when the ion energy would be larger than 
the energy of the Coulomb gap. The negatively charged surface of the nanopore together with an 
increased pH would add the negative charges into the pore (Feng et al. 2016). 
The decreasing of the size of the Coulomb gap occurs when the size of the pore is increased. The 
non-linearity of the current-voltage characteristics disappears when the pore size is near 1nm, 
which is a sign of the vanishing of the transport barrier to the ionic flow (Feng et al. 2016). 
Theory of small current-biased tunnel junctions suggests that, at low temperature, the Coulomb 
interaction between electrons can block the current of a single electron. In addition, the current 
components of Cooper-pair (Josephson) and the quasiparticle (single-electron) may be quantized 
(Averin & Likharev 1986). 
Coulomb blockade is a phenomenon where tunneling across a junction is either enhanced or 
suppressed for certain energies as a result of the quantization of charge and Coulomb effects. The 
transport is likely only if the used voltage is larger than the charging energy in the central region 
of the junction according to the equation|𝑉| ≥
|𝑞|
2𝐶
. Otherwise, there would be no charge transport 
and Coulomb blockade occurs. In a nanopore, the build-up of ions can hinder the ﬂow of other 
ions.  An approaching ion will be blocked if its kinetic energy is less than that of the barrier. This 
blockade is analogous to the Coulomb blockade demonstrated in quantum dot systems coupled to 
two electrodes. The observation of ionic Coulomb blockade should be possible in any nanopore 
with a constriction small enough to interfere with hydration layers (Meyertholen & Di Ventra 
2013). 
Transport of discrete cations in SiO2. In the Cu- or Al-doped SiO2 memory cell, the filament in 
SiO2 is composed of the Ag particles, which are discrete and dispersed in SiO2. The granulation 
of Ag- filament may be explained to be due to the low redox reaction rate and low mobility of ions 
in the SiO2 (Chen et al. 2017a). 
The SEM images of planar Ag/SiO2 /Pt planar device shown in Figure 1 (Sun et al. 2014) displays 
the growth of the conductive filament at a different time. It can be seen that, at earlier stages, Ag 
particles are dispersed through the volume of SiO2. The clustering in the larger conglomerates 
occurs later. The conductive path can be approximated as the metallic filament only at final stages. 
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In addition, the structure of the metallic filament is rather very discrete than the continuous and 
solid filament. In fact, this metallic filament consists of many discrete Ag clusters.  
Perhaps, if the mass transport of Ag or transport of Ag ions, was disturbed or blocked as in the 
case of Coulomb blockade, threshold switching or stepwise resistance, then the opposite electrodes 
could not be connected and the cell would be OFF.  
 
Figure 1. The SEM images of the planar Ag/SiO2 /Pt -based device displaying the growth of the 
conductive filament at a different time (Sun et al. 2014). 
Figure 2 displays the TEM images, which show the creating and erasing of a conductive filament 
in two different Ag: SiO2-based planar devices with different spacing between electrodes (a-c and 
h-i). In this figure, the discrete structure of the conductive filament can be seen. Even when the 
opposite electrodes are connected, the conductive path consists of small discrete clusters rather 





Figure 2. The TEM images of the creating and erasing of a conductive filament in two different 
Ag: SiO2-based planar devices with different spacing between electrodes (a-c and h-i) (Yang et 
al. 2012). 
 
Figure 3 shows SEM image displaying the displacement reaction of Al with Cu at different times 
(Chin et al. 2014). It can be seen also, that mass transport of Cu also occurs through many discrete 




Figure 3. The SEM image displaying the displacement reaction of Al with Cu at a different time 
(60 sec. and 70sec.) (Chin et al. 2014) 
Based on the Figures 1-3 of this Appendix 10, one can state that the mass transport of Cu, Ag, as 
well as other dopants, through SiO2 occurs through many discrete steps in all volume of SiO2. 
The mobile ions should propagate through nanopores in network of SiO2. If the ions cannot pass 
through the pore, they cannot agglomerate and form the metallic filament in later stages. Moreover, 
according to Figure 1 of this Appendix 10, the conductive path is not continuous but consists of 
the discrete clusters.  
Figure 4 shows current-voltage curves through a 12 nm polymer nanopore at different pH values. 
In biological cells, the voltage-gated channels are responsible for ionic gating through hydrophobic 
cavities.  These channels can rectify because ionic transport is more effective in one direction than 
in other direction. Therefore, these biological channels behave as ionic diodes in nanopores. The 
rectification in such a diode depends on the pH of the electrolyte.   The conducting and non-
conducting state of such a diode depends on wetting and dewetting of nanopores (Pevarnik et al. 
2012).   
In Figure 4, the current-voltage characteristics of polymer nanopore with liquid electrolyte 
resembles that with threshold-like switching curves biased with the current compliance of 0.1A 
shown in Appendix 9. The OFF state in the middle of the curves relates to a non-conducting state 






Figure 4. I-V curves through a 12 nm polymer nanopore at a different pH values (Pevarnik et al. 
2012) 
 
Figure 5 shows a schematic of a biological voltage-gated porous channel junction with ionic 
selectivity at a different pH (Pevarnik et al. 2012). Here, it is exemplified that wetting and deweting 
of pores depends on the pH value of electrolyte. The shape of pores in SiO2 could be, of course, 




Figure 5. Schematic of a biological voltage-gated porous channel junction with ionic selectivity 
at a different pH (Pevarnik et al. 2012). 
The explanation of threshold switching. It is suggested that the threshold-like switching behavior 
observed in SiO2-based ECM memory cell resembles the behavior of the electrolyte in the 
biological voltage-gated nanoporous channel. As shown in Appendix 9, the electrical 
measurements of both samples with the threshold-like switching behavior were performed on the 
same day, 1st June 2016.  All day, the relative humidity in the air was extremely high (94%-100%).  
It was not possible to reproduce this kind of behavior in later days when the relative humidity was 
different. The working hypothesis relates the threshold-like switching to wetting and dewetting of 
nanopores in SiO2. The dewetting corresponds to the evaporation of water molecules and to the 
non-conductive OFF state. The wetting of nanopores relates to the conductive ON state.  
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The explanation of quantized conductance. The stepwise conductance, multistep conductance or 
quantized conductance is frequently reported in different types of resistive memory devices 
(Tappertzhofen et al. 2012; Tsuruoka et al. 2012; Mehonic et al. 2013; Zhao et al. 2015; Li et al. 
2015; Nandakumar et al. 2016). 
In Ag/Ta2O2/Pt memory device, the quantized conductance was observed. This effect is seen as 
the stepwise increase and decrease in conductance. The effect is explained to be due to creating 
and dissolving the metallic filament “with atomic contact of different integer multiplies” and the 
limiting supply of Ag ions, which participate in the formation of the filament (Tsuruoka et al. 
2012). 
The explanation of the quantized conductance is usually related to the restricted ballistic electronic 
transport in the nanoscale filament (Mehonic et al. 2013). 
In Cu/amorphous C/Pt memory cell, the quantized conductance was observed. The effect is 
explained to be due to the limited number of available Cu ions. The effect is related to the relaxing 
of resistive states. Electron transport in the filament of atomic size is quantized and is a multiple 
of conductance 𝐺0 = 2𝑒
2/ℎ ≈ 1/12,9𝑘𝑂ℎ𝑚, where h is Planck’s constant, as well as 𝑒 is a charge 
of the electron. The effect is typically associated with point contacts comprising of a few atoms. 
The effect is explained to be due to the spontaneous, volatile and uncontrollable dissolving of the 
conductive filament (Zhao et al. 2015). 
The presence of quantized conductance was overviewed for many different types of ECM and 
VCM cells. However, the step values were found to be  G0 or 0.5G0, as well as the mixing of these 
both values, and even non-integer of G0. The effect should be observed when the conductive 
filament is of atomic size (Li et al. 2015). 
In Cu/SiO2/W memory cell, the half-integer quantized conductance was observed. The effect is 
associated to nanoscale devices, where the conductive filament is comparable with the Fermi 
wavelength. The half-integer conductance level was observed during the spontaneous decays. 
Some quantized levels were missing (Nandakumar et al. 2016). 
Example of a typically reported plot of conductance versus time can be seen in Figure 6.  The 






Figure 6.  The observation of quantum conductance steps with inset of height of G0 (Zhao et al. 
2015). 
During our project, the stepwise type of conductance was observed also in sample 207-IS deposited 
using the TD1 target on the TiN substrate as shown in Figure 7 and Figure 8.  These curves are 
only shown as two examples from many others. The shape of the curve with corresponding jumps 
varies a lot.  However, the resistance in all the other curves is also changed in a stepwise manner.  
Here, the stepwise conductance as well as the threshold switching is explained to be due to the 
restricted ionic transport in the nanopore during the creating and dissolving of the conductive 
filament.  The conductive filament cannot only be metallic, but also can be partly or completely 
oxidized.  This implies that the current may flow through a semiconductive oxide.  
The transition between the resistance states during the switching is also informative because it can 
give signs if the created filament is metallic or not. Inclining line on a logarithmic scale indicates 
that the current and voltage are exponentially related to each other. In Figure 6 and Figure 7, 
resistance undergoes many different types of change. Not all of them are of ohmic type. This 
contradicts with the traditional explanation that the resistance change in a memory cell is only due 





Figure 7. The example of a curve with the stepwise change of resistance in the 30 nm-thick sample 





Figure 8.  The example of a curve with the stepwise change of resistance in the 30 nm-thick sample 






The explanation of the ionic Coulomb blockade. The threshold-like switching can probably be  
explained in many different ways. However, here, all the observed effects are related to the specific 
ionic transport in nanopores, which was restricted.  The restriction relates to the existence of the 
energy barrier. When the cations became mobile (see Appendix 2 Phourbaix diagram), they should 
overcome the existing barrier in the nanopore entrance.  
In addition, the nanopores have the limited capacitance, which implies that when the mobile 
cations cannot enter the pore, their energy is less than the certain value. The pore region has the 
electrostatic energy (𝐸 =
1
2
𝐶𝑉2), which ions need to overcome.   
The existing energy barrier to cation flow can be written as ∆𝐸 =
𝑄2
2𝐶
  (Meyertholen & Di Ventra 
2013). Q is a charge consisting of the monovalent, divalent, as well as trivalent ions inside the 
nanopores. This Q value changes when the ion enters or flows away from the pores. The 
capacitance C cannot be easily changed because the size and shape of pores is rigid after 
fabrication. The less the capacitance is at constant Q, the higher the energy barrier is.  The 
conductive filament is created, when the ionic transport through the nanopores is not restricted.  
The cation can gain the additional energy to overcome the energy barrier ∆𝐸 when the voltage is 
increased. Therefore, the OFF state in the threshold-like switching curve is explained in such a 
way that the ionic transport was restricted because the mobile cations could not overcome the 
existing barrier until the threshold voltage value is exceeded.  
In addition, the threshold-like switching behavior was related to the energy consideration, because 
the variability of the switching behavior of the memory cells was extremely low. These cells 
behaved in exactly the same way in a very narrow biasing window. However,  the variability was 
extremely high in all other cases expect of threshold-like behavior.  In addition, the threshold-like 
switching in ECM cell is explained to be due to the moisture uptake by the nanopores. The 
evaporated water molecules would create the highly resistive state inside nanopores.  
The stepwise change in resistance may indicate that only portion of the ions can pass through the 
pore because of the restricted ionic transport. For example, another explanation can be related to 
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